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ABSTRACT 
In order to reduce the fuel consumption and pollution, automotive companies are 
developing magnesium-intensive components. However, due to the low wear resistance 
of the magnesium (Mg) alloys, Mg cylinder bores are vulnerable to the sliding wear 
attack. In this thesis, two approaches were used to protect the cylinder bores, made of a 
new developed Mg engine alloy AJ62 (MgA16Mn0.34Sr2). The first one was to use a 
Plasma Electrolytic Oxidation (PEO) process to produce oxide coatings on the Mg bores. 
The wear properties of the PEO coatings were evaluated by sliding wear tests under the 
boundary lubrication condition at the room and elevated temperatures. It was found that 
due to the substrate softening and the vaporization loss of the lubricant, the tribological 
properties of the PEO coatings were deteriorated at the elevated temperature. In order to 
optimize the PEO process, a statistical method (Response surface method) was used to 
analyze the effects of the 4 main PEO process parameters with 2 levels for each and their 
interactions on the tribological properties of the PEO coatings at the room and elevated 
temperatures, individually. 
A cylinder liner made of an economical metal-matrix composite (MMC) was another 
approach to improve the wear resistance of the Mg cylinder bore. In this thesis, an 
A1383/Si02 MMC was designed to replace the expensive Alusil alloy used in the BMW 
Mg/Al composite engine to build the cylinder liner. To further increase the wear 
resistance of the MMC, PEO process was also used to form an oxide coating on the 
MMC. The effects of the Si02 content and coating thickness on the tribological properties 
of the MMC were studied. 
v 
To evaluate the wear properties of the optimal PEO coated Mg coupons and the MMC 
with the oxide coatings, Alusil and cast iron, currently used on the cylinder bores of the 
commercial aluminum engines, were used as reference materials. The optimal PEO 
coated Mg coupons and the oxidized MMC showed their advantages over the two 
reference materials under the high contact stress, especially at the elevated temperature. 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
With rising fuel costs and environmental concerns, magnesium (Mg) alloys are 
increasingly being used as structural materials in the automotive industry to reduce 
the vehicle weight [1, 2]. In Europe, the increasing usage of Mg as a structural 
lightweight material is being led by the Volkswagen, with the material also being used 
by other leading manufacturers including DaimlerChrysler, BMW, Ford and Jaguar. 
Presently, around 14kg of magnesium alloys are used in the VW Passat, Audi A4 and 
A6. All those vehicles use Mg transmission casings cast in AZ91D, offering a 
20%>-25% weight saving over aluminium. Other applications include instrument 
panels, intake manifolds, cylinder head covers, inner boot lid sections and steering 
components which utilize the more ductile AM50A and AM60B alloys. In North 
America, the use of Mg for auto applications is more advanced. The GM full sized 
Savana and Express vans use up to 26kg of the magnesium alloy. 
To further reduce the vehicle weight, automotive manufacturers have been trying to 
make engine blocks with magnesium. However, the low wear resistance makes Mg 
alloys susceptible to wear attack. The dry sliding wear behaviors of the conventional 
Mg alloys [3, 4] and Mg-based Metal-Matrix Composites (MMC) reinforced with 
hard particles or fibers [5-7] were thoroughly studied. For the unreinforced Mg alloys, 
l 
severe material removal caused by localized plastic deformation led to the formation 
of continuous grooves in the wear tracks [3, 4]. Under a low contact stress, the wear 
resistance of the composites was slightly better than that of the unreinforced Mg alloy 
and increased with feldspar content [5-7]. However, under the high contact stress, the 
soft Mg alloy matrix was subject to large deformation, causing the reinforcement 
materials to detach from the matrix. Thus, the reinforcement effect of the hard 
particles was decreased. Besides the insufficient wear resistance, the conventional Mg 
alloys or Mg-based MMC suffered rapidly degraded creep properties at elevated 
temperatures [8-10]. Thus, their application to the engine power train was limited. To 
enhance the creep properties of the Mg alloys at the engine operating temperature, 
new Mg alloys, AM-SC1 (Mg-rare earth based alloy) and AJ62 (MgA16Mn0.34Sr2), 
exhibiting excellent creep properties at temperatures up to 473 K [8, 9], have been 
developed. However, the anti-wear performance of AJ62 Mg alloy was still 
unacceptable [11]. 
To battle against the wear attack occurring in the Mg engine block, BMW has 
designed an Al/Mg composite engine with Al insert including cylinder bore and 
coolant channels surrounded by the Mg outer shell [12]. ALUSIL, a hypereutectic 
Al-Si alloy with silicon content up to 17%>, is commercially used by BMW to make 
the Al insert for the Al/Mg composite engine. For the wear protection, after plateau 
honing process, the precipitated Si particles are protruding from the Al matrix. The 
hard Si particles are designed to protect the soft Al matrix by isolating the direct 
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contact between the piston ring and the Al matrix. However, the cost of ALUSIL is 
very high due to the complex casting process to control the shape, size and the 
distribution of the precipitated Si particles. Also, the casting process of the composite 
engine block itself is even more complicated. As a result, the application of composite 
engine block is limited to the luxury vehicles. Additionally, when the ALUSIL 
cylinder bore is exerted excessive contact stress, possibly coming from the lack of 
lubrication and assembly distortion, the matrix will severely plastically deformed, 
causing the Si particles to be sinking-in or even fractured [11]. At such circumstance, 
the Al cylinder bore will experience considerable wear loss. 
1.2 Motivation 
In order to extend the application, an all-Mg engine block would have the advantage 
over the expensive Al/Mg composite engine block. To protect the engine block from 
the wear and corrosion, a Plasma Electrolytic Oxidation (PEO) process, considered as 
an environmentally friendly and cost-effective electrochemical process [13], was used 
to form oxide coatings on the Mg cylinder bores. Different from the conventional 
anodizing process, PEO utilizes a voltage above the dielectric breakdown potential of 
the oxide layer, which causes the local formation of plasma discharge and gas 
evolution. The PEO coatings are much harder than the anodizing coatings and can be 
used to protect a variety of metals [11, 13-28]. Also, the PEO process uses dilute 
alkaline solution, which is benign to the environment. 
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To protect the cylinder bores as well as the piston rings from the wear attack, a thick, 
dense and smooth PEO coating is desirable. However, as the coating thickness 
increased, the PEO coating forms a porous and rough outlayer on the top of a dense 
layer. The worn-off hard debris from the coarse outlayer would cause abrasive wear to 
both the cylinder bores and the piston rings. Thus, a honing process is necessary to 
smooth the coating surface. In order to acquire a honing-free coating process, the 
process parameters needs to be modified to tailor the surface morphology, thickness, 
and thus tribological properties of the coatings. However, the effects of the main 
process parameters on the growth and tribological properties of the PEO coatings on 
Mg alloys were not fully studied. The effects of some main process parameters on the 
coating growth and tribological properties were studied via Taguchi method [14]. 
However, the Taguchi method cannot provide any information about the interactions 
of the main process parameters. Some main effects are even confounded with the 
interaction effects. Also, the researches on the tribological properties of the PEO 
coatings on Mg alloys were mainly focused on the dry sliding condition [22-24, 27, 
28]. Fewer researches on the wear performance of the PEO coatings on Mg under the 
lubrication condition were reported [24, 25]. The coated Mg AZ91D alloy showed a 
lower mass loss of 1.5 times than the uncoated substrate under the lubrication 
condition. The investigation of the tribological properties under the boundary 
lubrication condition was sparse. Additionally, the tribological properties of the PEO 
coatings on the Mg engine alloy AJ62 has not been studied by other researchers. Also, 
there is a lack of information about the comparison between the wear performance of 
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PEO coatings and materials from the commercial engine cylinder bore. In chapter 4 
and 5, the PEO process for the wear protection of the Mg AJ62 alloy with four 
variable process parameters (electrolyte concentration, current density, current 
frequency and treatment time) was optimized via the Response Surface Method 
(RSM). The effects of the process parameters on the surface roughness, thickness and 
tribological properties (evaluated at room temperature and 150 C under the boundary 
lubrication condition) of the coatings were investigated. 
Compared with the hardness of the PEO coatings on Al alloys (about 1000-2000 HV) 
[15-17], the hardness of oxide coatings on Mg alloys are only around 400-600 HV [11, 
24-26]. Therefore, the Mg engine block with the PEO-coated Al liners would be more 
reliable than the Mg engine block with the PEO coated cylinder bores under 
excessively high contact stress. To replace the high-cost ALUSIL alloy, in chapter 6, 
an economic Al-based MMC was designed as the raw material for the cylinder liners. 
In order to further improve the wear resistance of the MMC under the high contact 
stress, the MMC was coated by the PEO process. The anti-wear performance of the 
PEO coated MMC was investigated. 
1.3 Objectives 
The overall objective is to use PEO process to protect the cylinder bore of the all-Mg 
engine block or Al/Mg composite engine block from the wear attack. 
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The specific objectives of this study are to: 
1) Investigate the tribological properties of the PEO coatings on Mg AJ62 alloy at 
the room and elevated temperature. 
2) Study interactive effects of PEO process parameters on tribological properties 
using a statistical analysis method. 
3) Optimize the PEO process so as to obtain the honing-free coating with proper 
tribological properties to protect the cylinder bores of the all-Mg engine from the 
wear attack. 
4) Design the economic Al-base MMC as the raw material for the cylinder liners of 
the Mg/Al composite engine. And use PEO process to improve the wear 
resistance of the MMC further. 
1.4 Organization of the dissertation 
The dissertation consists of seven chapters. Following this introduction, the relevant 
literatures are reviewed in Chapter 2. Chapter 3 describes the experimental procedure. 
Chapter 4 investigates the effects of the PEO process parameters on the tribological 
properties of the PEO coatings on the Mg AJ62 alloy at room temperature. In Chapter 
5, the effects of the PEO process parameters on the tribological properties of the PEO 
coatings on the Mg AJ62 alloy at the elevated temperature (approx. 150 °C) are 
studied. The influence of the temperature on the tribological properties of the PEO 
coatings is discussed. In Chapter 6, the tribological properties of the PEO coated 
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A1383/Si02 MMC are investigated. The effects of the Si02 particle content and 
coating thickness on the tribological properties of the MMC are discussed. In the last 
chapter, Chapter 7, conclusions of the present study are drawn and some future work 
is recommended. 
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CHAPTER 2 LITERATURE REVIEW 
The PEO process is an electrochemical process that can oxidize the lightweight metal 
surfaces [13-76]. During the process, the high voltage exerted between the working 
piece and the counter-electrode, short-lived plasma discharges occur on the coating 
surface during the process, facilitating the formation of phases at relatively high 
temperature [13, 71, 77-79]. The PEO process can produce thick, hard and 
well-adhered oxide coatings with good wear resistances on Mg and Al alloys. 
Metal-matrix-composite (MMC) is another method to improve the mechanical and 
tribological properties of the lightweight metals. Al-based MMC with different 
reinforced fibers or particles showed a considerably higher wear resistance than the Al 
alloys [80]. In this chapter, previous works on the PEO process and Al-based MMC 
are reviewed. 
2.1 Research on the PEO process 
2.1.1 The equipment and electrolyte for PEO coating 
Usually, any PEO treatment of Mg and other lightweight alloys is carried out in an 
alkaline silicate bath with a power supply that is able to output 300-1000V [13]. 
Figure 2.1 is the schematic of a typical treatment unit. The unit consists of a container 
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with the electrolyte and a powerful electrical source. The container is usually a 
water-cooling bath placed on a dielectric base and fixed in a grounded steel frame, 
which has an insulated current supply and a window to observe the process in 
operation. A stainless steel plate in the bath acts as the counter-electrode. Sometimes, 
an electrolyte mixing, recycling and gas exhausting arrangements, as well as some 
safety interlocks are also included. 
Different types of power source can be used, including DC, unbalanced AC or pulsed 
DC source [14, 16, 28, 49, 71, 76]. For a DC source, due to the difficulties for 
controlling the surface discharge characteristics, it is only used for simple-shape 
components and thin coatings. A pulsed DC source can generate different current 
waveforms, providing the possibility to adjust the plasma discharge duration. Thus the 
coating composition and structure can be controlled. The current frequency can reach 
up to 20,000 Hz (for Al alloys). An unbalanced AC source can also control the process 
by means of arc interruption. By changing the capacitance of the source in both 
half-cycles, the ratio of amplitudes of positive and negative current can be 
independently adjusted. But the limitations in power (usually < lOkW) constrain the 
range of its application. Also, the commonly fixed current frequency (50 Hz) can only 
provide limited ability to control the discharge duration. As Fig. 2.2 shows, the 
coating produced using a bipolar pulsed DC presented a dense and fine-grained 
morphology. No trace of brittle fracture was observed. Comparatively, the coating 
treated using an AC exhibited brittle fractures with large smooth facests, indicating 
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formation of some brittle fused phases on the surface. Due to the suppression of the 
strong discharge, the coating produced via the pulsed bipolar DC had a higher 
normalized thickness of functional layer (dense layer) than the one coated by the AC 
(Fig. 2.3) [17, 71]. 
The PEO coatings on Mg alloys are normally produced in silicate, aluminates or 
polyphosphates-containing alkaline electrolytes. The coatings are comprised of 
amorphous and crystalline phases such as MgO, Mg2Si04, Mg3(P04)2 or Mg2A104, 
depending on the different electrolyte [16, 27, 49, 71, 77, 79]. Due to the 
environmental protection or health concern, other additives (C1O3 [71], H3BO3 [37], 
KF [36, 45] etc.) are limitedly used. The chemical composition, structure and 
properties of the coatings are highly dependent on the different additives. 
Fig.2.1 Typical treatment unit for PEO process (1. window, 2. mixer, 3. connecting 
wires, 4. exhaust/ventilation system, 5. grounded case, 6. power supply unit, 7. 
working piece, 8. cooling system, 9. bath and 10. insulating plate) [13] 
10 
Fig. 2.2 Typical SEM micrographs of cross-sectional fracture of PEO coatings 
produced using (a) 50 Hz AC and (b) 2.5 kHz pulsed bipolar DC processes [13] 
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Fig. 2.3 Optical cross-sectional micrographs of PEO coatings produced using 50 Hz 
AC (left) and 2 kHz pulsed bipolar DC (right) [19] 
2.1.2 Deposition procedure 
After simple pretreatment, including cleaning and degreasing, the sample is connected 
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to the anode of the power source unit and immersed into the bath, containing the 
electrolyte, at a depth of 30mm to 50mm beneath the solution surface. The cathode of 
the power source unit is attached to the stainless steel counter-electrode. After 
activating electrolyte cooling, mixing and gas exhaust systems, the working voltage 
up to 1000V is applied to the sample and the counter-electrode by the power supply 
for the selected treatment time, with the current density between 100 to 2000 A/m . 
The treatment time is highly dependent on the application of the coating, ranging from 
a few minutes to several hours. 
2.1.3 Current-voltage characteristics 
The current-voltage characteristics of the electrochemical system during the PEO 
process were studied [13], with the current-voltage characteristics curve shown in 
Figure 2.4. Initially, a conventional anodic oxidation of the surface of the alloys 
(anode) occurs with the current-voltage characteristics conforming to the Ohm's law, 
corresponding to the region '0-Ui' in type-a system and 'O-U4' in type-b system, Fig 
2.4. However, for type-a system, beyond a critical voltage Ui, an increase in voltage 
results in current oscillation, followed by luminescence. The increased current causes 
local boiling of the electrolyte near the electrode. The consequent gas products (02 or 
H2) over the electrode surface partially shield the electrode from the electrolyte, which 
limits the further current increment. With the voltage increase over another critical 
value U2, the electrode is totally covered by a continuous gaseous vapor envelope of 
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low electrical conductivity. Thus the electric field strength E within the envelope 
reaches a value over 10 V/m, which is adequate to initialize the ionization processes 
in the vapor envelope. A rapid sparking in scattered gaseous bubbles is observed as 
the result of ionization processes, followed by a uniform glow distributed throughout 
the vapor plasma envelope. Beyond voltage U3, the glow discharge transforms into 
intensive arcing accompanied by a characteristic low-frequency acoustic emission. 
As respect to type-b system, the process is more complicated. Initially, the passive 
film resulting from the anodic oxidation starts to dissolve when the voltage 
approximately approaches to the corrosion potential of the material U4. Then a porous 
film forms as the result of a repassivation process from Uito U5. At the point Us,the 
electric field strength in the oxide film is high enough to break through the film due to 
the impact or tunneling ionization. Upon that, small luminescent sparks are detected 
to move rapidly across the surface of the oxide film, which is favorable for film 
growth. At point U6, the thermal ionization process is initialized and slower, larger 
arc-discharges arise. In the region U6 to U7, thermal ionization is partially limited by 
negative charge build-up in the bulk of the thickening oxide film. At this stage, 
micro-arc forms and causes the film fused and alloyed with elements contained in the 
electrolyte. Beyond the point U7, the arc micro-discharges occurring throughout the 
film surface break through to the substrate, resulting in the failure of negative charge 
blocking, and transform into intensive arcs, which may cause destructive effects 
such as thermal cracking of the film. 
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Fig. 2.4 Two kinds of current-voltage diagram for processes of plasma electrolysis; 
discharge phenomena are developed (a) in the near-electrode area and (b) in the 
dielectric film on the electrode surface [13]. 
2.1.4 Coating formation mechanism 
With ionic current of the layer increase passing through oxide layer, there are two 
concurrent processes for PEO coating growth: the electrochemical and the plasma 
chemical mechanisms [13]. 
2.1.4.1 Electrochemistry of plasma electrolytic oxidation (PEO) 
For the PEO process on Mg alloys, the main electrochemical reactions occurring at 
the coating/electrolyte interface are as follows [76, 81]: 
Mg^Mg2+ +2e 
40H~ -> 2H20 + <92 T +4e 
(2.1) 
(2.2) 
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Mg2+ +20H~ ->Mg(OH)2 
Mg(OH)2 -> MgO I +H20 
Mg2+ + 2AlO~ -> MgAl204 I 
2Mg2+ + Si02i + 20H- -> Mg2Si04 I +2H20 
3Mg2++2P034- -+Mg,(P04)2 I 
Reaction (2.1) is the anodic dissolution and (2.2) is the oxygen evolution reaction. 
The cation released from the metal (reaction (2.1)) combines with the anion in the 
electrolyte to form compounds Mg(OH)2, Mg2A104, Mg2Si04 or Mg3(P04)2, 
depending on the different electrolyte by reactions (2.3), (2.5), (2.6) and (2.7). The 
hydroxide Mg(OH)2 dehydrates to MgO by the high temperature (reaction (2.4)), 
resulting from the plasma discharge. 
2.1.4.2 Plasma discharge models and plasma chemistry 
Besides the electrochemical process, the plasma chemical processes for PEO process 
have been discussed [13, 26, 31, 35, 71, 78, 79, 82]. The plasma chemistry of the 
surface discharges is quite complex in nature, involving, on one hand, reactions 
among electrons, molecules of water and electrolyte anions, and on the other hand, 
atoms and ions of the metal electrode. An important consequence of the occurrence of 
surface discharges is the development of metallurgical processes in the growing oxide 
layer, which is induced by the heat liberated in discharge channels from electron 
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(2.3) 
(2.4) 
(2.5) 
(2.6) 
(2.7) 
avalanches. Cycles of instantaneous local heating and cooling of the areas of the oxide 
layer in close proximity to a discharge channel lead to the melting, quenching and 
recrystallisation of the substances deposited onto the surface. As a result, 
decomposition of metal hydroxide to oxide and formation of complex compounds can 
occur. The direction and intensity of these processes depend on the density and power 
of the discharges which are known to be defined by thickness of the oxide layer, so 
that the thicker the layer the less frequent yet more powerful and extended the 
discharges become. 
In the plasma reaction, the key is the formation of micordischarge. Yerokhin et al. [33, 
34] researched microdischarges using real time digital video to image the plasma 
electrolytic oxidation process. Both the spatial characteristics of microdischarges and 
their collective behaviors during the PEO process of aluminum alloys using an AC 
power supply were analyzed. The typical evolution of the microdischarges is shown in 
Fig 2.5, from which four consecutive stages of the PEO process can be identified. 
During stage I, intense gas evolution along with some luminescence at the surface is 
clearly observed, which is eventually replaced by the onset of a bluish glow discharge 
around the sample surface. In stage II, the discharge begins to shrink at the surface 
with maximum electric field intensity and transforms to the moving discrete white 
microdischarges, along with an occasional uniform glow. After about 10 to 12 minute 
of treatment, the process gradually reaches stage III, where the microdischarges 
phenomenon becomes more pronounced. Further PEO processing, stage IV, is 
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characterized by some yellow, larger and slower moving microdischarges. 
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Fig. 2.5 Sample surface appearance at various stages of the coating formation process: 
(a) 0.5 min; (b) 10 min; (c) 35 min and (d) 65 min [33] 
Several microdischarge formation models have been proposed [13]. In the first model, 
the micordischarges appear as a result of the oxide film dielectric breakdown in a 
strong electric field, Fig. 2.6 (a). The breakdown is treated as "streamer propagation" 
due to the electron avalanche effects induced by film dopants and structural defects. 
Three main steps can be discerned in the breakdown process. In the first step, the 
discharge channel is formed in the oxide layer as a result of the loss of its dielectric 
stability in a region of elevated conductivity. This region is heated by generated 
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electron avalanches up to temperatures of ~104 K. Due to the strong electric field (of 
the order of ~106 Vm"1), the anionic components of the electrolyte are drawn into the 
channel. Concurrently, owing to the high temperature, aluminum and any alloying 
elements are melted out of the substrate and enter the channel. Thus, a plasma column 
(plasmoid) is formed as a result of these processes. In the second step, plasma 
chemical reactions take place in the channel, which leads to an increase in pressure 
inside the channel. So the plasmoid expands to balance it. At the same time, 
separation of oppositely charged ions occurs in the channel due to the presence of the 
electric field. The cations are ejected from the channel into the electrolyte by 
electrostatic forces. In the last step, the discharge channel is cooled and the reaction 
products are deposited on to its wall. 
The second group of models considers each microdischarge as a gas discharge 
occurring in a micropore of the oxide film, Fig. 2.6 (b). The formation of a gas phase 
in the pore (and discharge ignition in it) is believed to be induced by an initial 
dielectric breakdown of a barrier layer in the bottom of the micropore. 
An alternative model of microdischarge formation was proposed based on analogy 
with the contract glow discharge electrolysis, Fig. 2.6 (c). A glow discharge is 
observed at the interface of the electrolyte and a thin vapor sheath is formed at the 
surface of a platinum wire anode atU+ > 42OF. In the case of an aluminum anode, 
however, the role of the vapor sheath is played by the gas bubbles accompanying the 
18 
oxidation process and the discharge; therefore, it seems as if it is disintegrated into a 
number of microdischarges. Nevertheless, it is important to recognize that the 
common condition of discharge initiation in both cases appears to be electron 
emission from the electrolyte surface (partial cathode) into a gaseous phase, rather 
than dielectric breakdown of the growing oxide film. It should also be noted that free 
electrons might appear initially at the oxide-electrolyte interface in strong electric 
field, regardless of the presence of any gas/vapor phase, due to the ionization of 
anions and molecules of water. The free electrons would then immediately participate 
in a series of reactions with water, resulting in the formation of gaseous products (H2 
and 02), thus providing the necessary conditions for maintenance of a stable plasma 
discharge environment. 
Another model that considers the AC PEO discharge as the dielectric barrier discharge 
has recently been proposed by Wagner et al. [33]. Similar to PEO, the barrier 
discharge operates under AC polarization and atmospheric pressure conditions, with 
one electrode covered by a thin dielectric film. The barrier discharge usually operates 
in a filamentary mode, for which the phenomenology is similar in appearance to a 
microdischarge in PEO, except that the barrier discharge occurs during both positive 
and negative half-cycles. Furthermore, unlike the discharge in PEO, dielectric 
barrier discharges cannot be produced using simple DC polarization. 
Yerokhin et al. [33] found that the above models do not fit the spatial, temporal and 
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electrical characteristics of microdischarge phenomena which were observed in their 
investigation. They suggested a new model based on the analogy with contact glow 
discharge electrolysis. The model assumes the possibility of free electron generation 
and glow discharge ignition in the gaseous media at the oxide-electrolyte interface, 
which leads to heating, melting and quenching of the underlying oxide layer. The 
estimated ranges of the microdischarge current density and duration time sufficient for 
initiating phase transitions in the surface oxide layer are in good consistence with the 
experimental data. 
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Fig. 2.6 Schematic illustration of model describing the appearance of surface 
discharge during anodic oxidationi of Al: (a) model of the oxide film dielectric 
breakdown; (b) discharge-in-pore model and (c) model of contact glow discharge 
electrolysis adapted for the presence of an oxide film on the metal surface [13] 
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Recently, optical emission spectroscope (OES) has been used to investigate the 
plasma discharge behavior during the PEO process [26, 38, 71, 77-79, 83]. Species 
from the substrate (Mg) and the electrolyte (H, OH, Na and K) were found to be 
involved in the plasma discharge during the PEO process of a series of Mg alloys [77]. 
However, no O specie was detected in the spectra. The evolution of the spectra was 
considered as the change of the mechanism that initialized the plasma discharge, from 
bound-bound transitions of electrons between atomic level to collision-radiative 
recombination of electrons (bound-free transitions) and Bremsstrahlung radiation 
(free-free transitions). Atomic species of Al (from the substrate), H, O, Na and K 
(from the electrolyte) were found to be presented in the spectra at higher wavelength 
in the range of 390-850 nm during the PEO process of an Al 6082 alloy[26]. Substrate 
elements (Mg, Si and Mn), ionized species and molecular OH were observed at lower 
wavelength. Also, the plasma emission spectra indicated that there were two distinct 
regions, a central core of high temperature (-16, 000 + 3500 K), with a high electron 
density (Ne ~5x 10 cm" ) and a peripheral region, probably extending into the 
surrounding electrolyte, which was much cooler (-3000-4000 K) and less dense (Ne 
~5x 1015 cm"3). The high temperature plasma is initialized by the species from the 
substrate and the electrolyte. The peripheral plasma microregions are in a form of 
surrounding gas bubbles, which are caused by plasma expansion, and possibly 
simultaneous gas evolution and combustion. Hussein et al. studied the evolution of the 
emission spectra of plasma discharge during the PEO process [78, 79]. Three new 
insightful models of plasma discharge were proposed based on the locations of 
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discharging intensities, the oxide-electrolyte interface discharge within small holes 
near the coating surface (A), the metal-oxide interface discharge (B) and 
oxide-electrolyte interface discharge in the micropores under the relatively deep 
surface (C), shown in Fig. 2.7 [79]. Type B discharge is responsible for the high peak 
spikes (up to 10 000K) presenting on the electron temperature profile. Comparatively, 
type A and C discharges produce the base line and small fluctuations of the 
temperature profile (around 4500K). 
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Fig. 2.7 Schematic diagram of the discharge models for the PEO process [79] 
2.1.4.3 Another approach to study the coating formation mechanism 
Due to the difficulty in detecting the occurrence of the phenomena (gas evolution, 
plasma discharge, etc) during the PEO process, other approaches have been used to 
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study the coating formation mechanism indirectly. Acoustic emission (AE) technique 
was another approach used to study the PEO coating formation process for a Mg 
AM60 alloy [38]. The AE signals measured by a sensor (attached to the working 
electrode in Fig. 2.8) were related to the mechanical energy that came from the 
dissipated energy possibly in the forms of the heat, plasma discharge and gas 
evolution etc during the PEO process. The successive stages of the PEO process (the 
classical anodizing, micro-arcing and arcing stages), categorized according to the 
electrochemical measurement, were also discriminated by analyzing the 
characteristics of the acoustic signals, such as amplitude, energy, rise time and peak 
frequency. The difference in the acoustic signals in each stage was assumed to be 
caused by the physical phenomena (gas evolution, micro-arcing, arcing and relaxation) 
occurred in each stage. However, the identification of the various physical phenomena 
in each stage was not achieved. 
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Fig. 2.8 Acoustic emission signal measurement system [38] 
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2.1.5 Microstructure and properties of PEO coatings 
The PEO coatings on Al alloys were found to have an outer porous layer and a inner 
dense layer, as shown in Fig. 2.9 [16]. For the PEO coatings on Al alloys, the porous 
outer layer consists predominantly of the low temperature modification of 
alumina (y-Al203) with hardness between 500-1000 HV and poor mechanical 
properties, especially wear properties. The dense inner layer, on the other hand, is 
comprised of the mixture of high temperature a-Al203 modifications of Al203 and 
complex Al-X-O phases (X is the element from electrolytes), where complex phases 
of the substrate alloying elements are observed in a thin, interfacial region below the 
dense layer. The dense layer exhibits hardness between 900-2000 HV and excellent 
mechanical properties. 
The relative sizes, structure and composition of the regions are substantially 
influenced by substrate composition, electrolyte composition and treatment regime. 
Comprehensive researches of these effects were conducted to investigate the 
treatment process of Al alloys in silicate solution [29, 30, 43]. In these studies, varied 
treatment times, current densities and concentrations of Na2Si03 (2-20 g/1) with 
addition of 2-3 g/1 KOH solution were used to produce coatings with different ratios 
of Al203 and Si02 fractions. It was found that the increase of the silicon content in the 
electrolyte resulted in a higher growth rate by the formation of composite coatings and 
an extension of the inner dense layer. The relative proportion of the harder a-alumina 
is increased by raising the current density. Yerokhin et al. found that there was a thin 
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barrier layer at the coating/substrate interface (Fig. 2.10) [13]. Nie et al. found that the 
barrier layer can be divided into three sublayers [17]. The microstructure of the barrier 
layer of the coating was studied using cross-sectional TEM. Fig. 2.11 shows 
cross-sectional TEM images of a representative microstructure near the coating/ 
structure interface. The characteristics of the coating near the interface with the Al 
alloy substrate can be divided into three sublayers (Fig. 2.11 (a)). Sublayer 1 exhibits 
a dense amorphous structure which has a thickness of -140 nm constant over the 
entire sample. Comparatively, the thickness of sublayer 2 varies. Sublayer 2 shows a 
porous structure that is composed of amorphous and nanocrystalline regions, which is 
revealed by the selected-area electron diffraction pattern (SAED) shown in Fig. 2.11 
(c), with porosity of a size in the range of approximately 10-100 nm. Fig. 2.11 (b) is 
an enlarged TEM image of the microstructure of sublayer 3. This layer is composed of 
nanocrystalline structure, implied by the SAED pattern in Fig. 2.11 (d), with grain 
size in the range of 50-80 nm. According to the TEM investigations, no porosity was 
observed at the interface between the substrate and the coating and the porosity in 
sublayer 2 was occluded, rather than interconnected. 
Porous layers 
Cvmpuct la>cr 
KwlwtrtiU' • 
Fig. 2.9 Cross-sectional SEM micrograph of PEO coating on an aluminum alloy [16] 
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Fig. 2.10 Cross-sectional SEM micrograph of the PEO coating on an aluminum alloy, 
where (1) is the porous (external) region and (3) is a thin complex-phase region of the 
substrate alloy [13] 
Fig. 2.11 Cross-section TEM images of the PEO coating on an A16082 alloy: (a) the 
inner layer near coating/substrate interface and (b) the intermediate layer; and SAED 
patterns taken from (c) sublayer 2 and (d) sublayer 3, respectively [17] 
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Fig. 2.12 SEM micrograph of the PEO coated AZ9 ID magnesium alloy [26] 
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Fig. 2.13 Transmission electron micrograph and selected area electron diffraction 
patters of (1) inner barrier layer and (2) intermediate layer of the coating formed on 
AZ91D magnesium alloy after PEO process [26] 
The PEO coatings on Mg alloys also present a porous outlayer and a dense (or 
compact) inner layer, shown in Fig. 2.12 [26]. The microstructure of coatng/substrate 
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interface of the PEO coated AZ91D alloy was determined by a TEM study (Fig. 2.13) 
[26]. An inner barrier layer about 200nm thick was detected. Porous structure with 
porosity in size of submicrometer was found above the barrier layer. The bubble-like 
feature was believed as a result of the evolution of either oxygen or hydrogen, or both, 
from the near magnesium substrate during the PEO process. The SAED pattern 
indicated polycrystalline and crystalline MgO, for the inner and intermediate layer 
respectively. 
The thermal conductivities of the PEO coating on Al and Mg alloy were investigate 
via a device shown in Fig. 2.14 [40]. Small holes with diameter of 1mm were drilled 
to install thermal couples to measure the temperature along the cylinder axis. Pairs of 
specimens were placed in series between the heating and cooling blocks of the 
apparatus. A small amount of high conductivity paste was used at the interfaces of two 
specimens. Electrical resistance heating coils were used to heat the specimens and a 
steady flow of water was passed through the cooling block. The thermal 
conductivities of PEO coatings on Al (1.6 (±0.4) Wm"1K"1) and Mg (0.8 (±0.3) 
Wm^K"1) alloys were much lower than those of the substrates (170 W m ' K " 1 for 
the Al 6082 and 167 Wm'^K"1 for the AZ 91 magnesium) or even the corresponding 
bulk materials (-30 W-ni'-K"1 for the single crystal A1203 and 11.8 Wm'-K"1 for the 
bulk spinel). The presence of a high proportion of amorphous material, together with a 
fine grain size, was believed as the main reason to cause the relatively low thermal 
conductivity of PEO coatings. A simple model, shown as the following equations, was 
used to confirm the assumption. 
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For a grain size, d, and a volume fraction of amorphous material, fa, the amorphous 
material may be considered as a grain boundary of thickness t where: 
fad 
t = 
I-fa 
(2.8) 
The effective thermal conductivity of the overall path is expressed as: 
t + d 
K
eff- t d (2.9) 
where Ka is the thermal conductivity of the grain boundary, Ksc is the thermal 
conductivity of the grain. 
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Fig. 2.14 Experimental unit used for steady state measurement of thermal 
conductivity [40] 
The tribological properties of PEO coatings treated with different current density and 
electrolyte concentration on Al alloys were investigated using ball-on-disc sliding 
tests against 440C steel and sapphire balls under dry sliding [68]. The large thickness 
and high hardness endue the coatings with an excellent load bearing ability. Tests 
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were conducted in air with relative humidity (RH) controlled in the range from 
5-90%, and also in vacuum of 10-3 Pa. Wear resistance of the PEO coatings was 
measured according to ring-on-block sliding tests. The ambient environment where 
the tests were run was controlled with 30%>~40% RH. Sliding speed of 0.2 m/s and 
normal load of 980N to provide contact pressure about lGPa were chosen for the tests. 
In order to calculate the wear rates mg/rev. weight losses of friction pairs after 5000 
ring revolutions were measured using microbalance and divided by revolutions. The 
tests results showed that the coating composition, the counterpart material, the relative 
humidity and the formation of the transfer film all had a great effect on the friction of 
Al-Si-O coatings. Coating A10.26Si0.08O0.66 with the ratio of A1203 and Al-Si-O 
phases about 1.0 exhibited the lowest friction coefficient due to the highest Vickers 
hardness among all testing samples, which varied from 0.15 to 0.25 for different RH, 
sliding against a sapphire ball. Also the coating reduced friction from 0.65 to 0.17, 
decreased wear rate by four orders of magnitude and avoid micro-cutting and/or 
adhesive wear of the friction pair at contact pressure of lGPa. 
The effect of coating thickness on tribological properties was explored [54]. 
Ball-on-plate reciprocating sliding tests, with a load of ION over 5000 cycles at 2Hz 
frequency, were performed to coatings with different thickness from 100 urn to 250 
um. The sliding stroke for each cycle was 10 mm and ambient environment was 
controlled to 23±1 °C and 50±5 %. The friction coefficients of PEO coating against 
bearing steel (BS) and tungsten carbide (WC) balls were in the ranges of 0.64-0.68 
30 
and 0.68-0.86, individually, which were both higher than those of untreated substrate. 
Q n T 
However, all the coatings showed much lower wear rates, 10-10" mm /Nm, than 
substrate, about 10"4 mm /Nm. The coatings with thickness of 150 um were found to 
have poor wear resistance relative to their thicker and thinner counterparts. 
The tribological characteristics of PEO coatings on Al 6061 and Al 4043 cylinder 
bores against Cr-plated steel piston rings under boundary lubrication were 
investigated [32]. A commercially-manufactured, ball-on-flat, reciprocating friction 
and wear testing machine was used. The normal force of 150N, the stroke length of 
8.0mm, the oscillation frequency of 15Hz and total sliding distance of 865m were set 
for the testing. Engine oil was swabbed on the surfaces of all specimens prior to 
start-up. Grey cast-iron liners were used for comparison. Without diamond plateau 
honing process, the porous outer layer of PEO coatings fractured and caused 
three-body wear, which led to the higher friction coefficient and wear loss than grey 
cast iron. 
The friction properties of PEO coatings deposited on SAE6061 aluminum alloy 
cylinder liner against piston ring samples under the boundary lubrication were studied 
and compared with those of cast-iron liner, using a segmented Ring/Bore liner test 
apparatus to simulate the engine operation condition under low speed-maximum load 
[42]. The PEO coatings were honed before the wear testing, even smoother than the 
cast-iron liner, which was attributable to the better friction properties and lower wear 
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rate of PEO coatings. Thus, the honing process is very important for PEO coating to 
remove the porous outer layer and expose the dense inner layer so as to reduce the 
risk of third-body wear contributing to high friction coefficient and wear rate. 
The ceramic matrix-graphite particle composites structure is another approach to 
decrease the friction coefficient and increase wear resistance. Graphite particles 
embedded in the Al203-Si02 ceramic matrix as dry lubricant [21]. Without honing 
process, a low friction (-0.22) and good compatibility with the steel counterface were 
presented during dry tribological testing. In order to form a continuous graphite film 
at the interface between friction pairs, a rough and porous outer layer is necessary to 
sustain the graphite particles for the PEO coating. Therefore, for some industry 
applications, where there is a critical requirement on surface smoothness, the ceramic 
matrix-graphite particles composites coating can not effectively reduce the friction 
and wear after the porous outer layer as well as the graphite particles are removed by 
honing process. A duplex treatment was developed to combine a load supporting PEO 
alumina layer with a low friction diamond-like carbon (DLC) coating, produced by a 
modified plasma-immersion ion implantation (PI3) process [55]. The DLC layer can 
provide a low friction coefficient and the intermediate alumina layer is favorable for 
load supporting, essential to withstanding sliding wear at high contact loads. 
The tribological properties of PEO coatings on Mg alloys have been evaluated under 
the dry sliding condition [22-24, 27, 28]. The PEO coatings showed a higher 
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coefficient of friction but a lower wear rate than the untreated Mg alloys. It was also 
found that the wear resistance increased with the coating thickness due to the 
enhanced load-bearing capability. The tribological properties of PEO coatings on Mg 
alloys under lubrication condition were limited studied. The wear properties of PEO 
coatings on Mg AM60B alloy under the boundary lubrication condition were studied 
by Guo [25]. It was found that the micro-porosities on the coating surfaces acted as oil 
reservoirs and were beneficial to the oil-lubricated wear performance. However, the 
influence of the surface roughness on the oil film formation was not discussed. Also, 
the surface roughness around 0.6-1.2 urn was not suitable for the engine cylinder 
application. The effects of the PEO process parameters (electrolyte concentration, 
current density, current frequency and treatment time) on the tribological properties of 
the coatings under the boundary lubrication condition were studied in Ref. [14]. The 
treatment time is the most significant factor for COF. The order of other factors varied 
under different testing loads (2N and 5N). The wear rate was influenced by the factors 
with the decreasing order of current density, electrolyte concentration, frequency and 
treatment time. 
The residual stresses in the PEO coatings were studied by Yerokhin [44] by Sin \\i 
methods using diffracted peaks in the X-ray diffraction pattern. The compressive 
stresses in coatings are favorable to the resistance to fatigue failure. However, the 
extremely high compressive stresses may cause coating separation from the substrate, 
intra-coating spallation or formation of cracks in the coatings [84]. The crack 
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networks in PEO coatings were observed by Clyne via a SEM micrograph of the 
underside of a detached coating (Fig. 2.15) [40]. Discharge channels penetrating 
through the entire thickness of the coating was detected. The thermal stress is one of 
sources that cause the residual stress and can be categorized as: (i) stresses caused by 
differential thermal contraction between coating and substrate and (ii) stresses caused 
by temperature gradients within the coating during treatment. The former for Al alloys 
are usually compressive because the thermal coefficient of expansion (a) for Al 
(25xl0"6 /°C) is larger than that for the alumina (6.7xl0"6 /°C) [85]. The latter are 
localized within the oxide film, in particular at the walls of discharge channels and the 
interfaces of metal/oxide and oxide/electrolyte, causing complex stress patterns across 
the coatings. Phase transformation in PEO coatings on Al alloys is the another source 
of the residual stress mainly due to y—» a transition in alumina, since a-alumina has 
smaller unit cell volume and higher density than y-alumina (25.5 angstrom , 3.99 
g/cm3 and 49.3 angstrom3, 3.60 g/cm3, respectively [66]). Depending on treatment 
parameters, internal normal stress in the coatings ranged from -111 to -818 MPa and 
shear stress ranged from -45(±27) MPa to -442 (+24) MPa were found. The internal 
normal stress and shear stress were affected by the pulse duty cycle and frequency. 
Fig. 2.15 SEM micrographs of the underside of a detached 100 mm coating, showing 
through-thickness discharge channels, (a) a low magnification view and (b) a high 
magnification image [40] 
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2.2 Researches on the wear properties of the Al-based MMC 
Different types of hard particles (SiC, Al203, and TiB2 etc) were used to reinforce the 
soft Al alloys to increase the wear resistance [80, 86-103]. The wear resistance of the 
MMC increased with the volume fraction of the reinforced particles. Specially, a 
mechanically mixed layer (called MML) at the interface of the wearing surface of the 
MMC was found to significantly affect the tribological behavior of the MMC in the 
mild wear regime [80]. Material transferring from the counter steel ball was found in 
the MML. However, the MML was usually absent in the severe wear regime. The dry 
sliding wear of the particulate SiC-reinforced Al composites against the automobile 
friction linings (brake pads) was studied in Ref. [92]. Due to the formation of a solid 
lubricant graphitic layer at the wear interface, low wear rate and constant friction 
traces were shown when the composite wore against organic pad. Comparatively, 
when the composite slid against the semi-metallic pads, extremely high wear rate was 
presented due to the three body abrasion that leaded to subsurface delamination in the 
MMC. Owing to the excellent properties, such as high hardness, wear resistance, 
melting point, elastic modulus and strength at the elevated temperature as well as 
good thermal conductivity, particulate TiB2 particles were used to strengthen the 
Al-4wt% Cu alloys [87]. During the abrasive wear tests, the TiB2 particles were 
almost remained intact but only redistributed near the subsurface region of the MMC 
specimen. The friction and wear behavior of 6061 Al matrix composites reinforced 
with the AI2O3 particles was investigated on a conventional scratch machine using a 
pyramidal indenter [86]. The friction increased with particle volume but was 
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independent of the normal loads and sliding speeds. On the contrary, the wear volume 
generally increased with the normal load and sliding distance, and decreased with 
increasing particle volume fraction. The size effect of the Al203 particles on the wear 
rates of the (Al- Al203) MMC was studied in Ref. [88]. For the composites containing 
the same amount of AI2O3, the wear rates decreased with increasing in Al203 size. 
Also, the friction and wear rate of the composites decreased as the graphite was added 
into the composites. The dry sliding wear of Al-Si/graphite composites at high 
temperature was studied in Ref. [103]. The wear rate was found to decrease with 
increasing in temperature. The reduction in wear rate was mainly caused by the 
formation of glazing layer and oxide layer at higher temperature. Additionally, the 
presence of graphite in composites offered better wear resistance. 
2.3 Summary 
In this chapter, the previous works on the PEO process and Al-based MMC are 
reviewed. According to the literature review, it was found that the previous and 
current researches on the wear properties of the PEO coatings on Mg alloys mainly 
concentrated on the dry sliding condition. There is a lack of systematical study 
regarding main effects and interaction effects of PEO process parameters on the 
tribological properties by using statistical method. Also, no researchers have so far 
investigated the wear properties of the PEO coatings on the new Mg engine alloy 
AJ62. Furthermore, the information about the comparison between the PEO coated 
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Mg alloys and the materials from the commercial engine cylinder was not available. 
Additionally, the wear properties of the designed A1383/Si02 MMC were not reported 
by the other researchers, let alone the comparison among the MMC, the PEO coatings 
and the materials from the commercial engine cylinder. 
In this study, the effects of the PEO process parameters on the tribological properties 
of the PEO coatings on the new engine alloy Mg AJ62 were systematically studied via 
the statistical method. The tribological properties of the A1383/Si02 MMC with and 
without PEO coatings were studied. The tribological properties of the PEO coatings 
on the Mg alloy and MMC were evaluated by the reference materials Alusil and cast 
iron. The two reference materials are currently used in the commercial engine blocks 
to build cylinder bores or liners. 
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CHAPTER 3 EXPERIMENTAL METHODS 
This chapter describes all the experimental procedures in the thesis. Two main parts 
are included. 
3.1 Investigate the effect of PEO process parameters on the tribological 
properties of the coatings on Mg AJ62 alloy at elevated and room temperatures 
3.1.1 Material preparation 
Mg AJ62 alloy was used as the substrate material. The composition of this alloy is 
shown in Table 3.1. Disc coupons ((|>25x7 mm) were cut from a Mg AJ62 alloy ingot. 
All the coupons were polished to a similar surface roughness of 0.1±0.05 um, then 
degreased with solvent, rinsed and cleaned with distilled water, finally dried by hot 
air. 
Table 3.1 Nominal composition of Mg AJ62 alloy 
Alloy 
MgAJ62 
Composition, wt% 
Al 
6 
Mn 
0.34 
Sr 
2 
Mg 
balance 
3.1.2 Design of the experiment 
The PEO process is affected by many factors, which could be categorized into 
38 
controlled factors and uncontrolled factors. The controlled factors mainly include the 
electrolyte constituent, electrolyte concentration, electrolyte temperature, current 
density, current waveform (frequency, pulse duty cycle), treatment time for coating 
process. The uncontrolled factors usually contain the room temperature and the 
non-uniform composition of the substrate. As discussed in the literature review, 
different electrolytes have been used to make PEO coatings on the Mg alloys. The 
phase composition and mechanical properties as well as the corrosion properties are 
decisively influenced by the electrolyte constituents. In this research, NaA102 and 
KOH were chosen as the constitutes of the electrolyte. The NaA102 was believed to 
promote the formation of the high wear-resistant phase Al203 in the coating. 
According to our previous research, the temperature of the electrolyte at 20 C and the 
duty cycle of the pulsed current 80% were best for the coating growth [76]. The four 
remaining controlled factors, the electrolyte concentration, current density, current 
frequency and the treatment time, were selected as the main process parameters that 
were needed to be adjusted to optimize the tribological properties of the PEO coatings. 
The selected ranges of the main factors (Table 3.2) were determined based on the 
following concerns: 
A) Electrolyte concentration (5-15g/l) — material cost, coating growth rate 
(production efficiency) and coating surface roughness 
B) Current density (0.02-0.1 A/cm2) — coating growth rate (production efficiency) 
and coating surface roughness 
C) Current frequency (50-2000 Hz) — coating growth rate (production efficiency) 
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and equipment cost 
D) Treatment time (5-15 minutes) — manufacturing cost and coating thickness 
Due to the installation of the cooling system in the PEO coating unit, the temperature 
of the electrolyte could be controlled at 20±2 C. Thus, the influence of the room 
temperature on the electrolyte temperature was minimized. Also, to reduce the effect 
of the difference in the composition of the substrate, all the Mg coupons were cut 
from the same ingot and randomly allocated to the coating treatments. 
Table 3.2 Selected ranges of the main process factors 
Main Factors 
A 
B 
C 
D 
Electrolyte concentration (g/1) 
Current density (A/cm2) 
Current frequency (Hz) 
Treatment time (minutes) 
Coded levels 
-1 
5 
0.02 
50 
5 
0 
10 
0.06 
1025 
10 
1 
15 
0.1 
2000 
15 
In this research, Response surface methodology (RSM) was used to analyze the 
effects of the process parameters on the coating properties (coating thickness, 
roughness, coefficient of friction and wear rate). The RSM is a collection of statistical 
techniques that are useful for the modeling and analysis of problems in which a 
response of interest is influenced by several variables and the objective is to optimize 
this response. Face-centered central composite design with four factors and 2 levels 
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for each factor was used to fit the response surface. The levels were coded to -1 and 1 
for each factor. Level 0 represented the center run. To give a reasonable estimate of 
experimental error, 6 center runs were employed. The entire coating experiment 
matrix is listed in Table 3.3. The analysis of the variance (ANOVA) was conducted by 
the Design-Expert software to determine whether the main factors have significant 
effects on the response. Also, the response surfaces for the coating properties were 
established by the software and used to optimize the coating properties. 
Table 3.3 Coating experiment matrix 
Coating index 
SI 
S2 
S3 
S4 
S5 
S6 
S7 
S8 
S9 
SIO 
Sll 
S12 
S13 
S14 
S15 
S16 
S17 
S18 
S19 
S20 
S21 
S22 
S23 
S24 
S25 
Test No. 
4 
2 
18 
11 
1 
8 
13 
16 
28 
12 
15 
22 
10 
5 
21 
23 
3 
25 
30 
19 
26 
9 
27 
17 
6 
Codec 
A 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
0 
0 
0 
0 
0 
0 
0 
B 
-1 
-1 
1 
1 
-1 
-1 
1 
1 
-1 
-1 
1 
1 
-1 
-1 
1 
1 
0 
0 
-1 
1 
0 
0 
0 
0 
0 
level 
C 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
0 
0 
0 
0 
-1 
1 
0 
0 
0 
D 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
0 
0 
0 
0 
0 
0 
-1 
1 
0 
S26 
S27 
S28 
S29 
S30 
29 
20 
24 
7 
14 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3.1.3 PEO coating process 
As introduced previously, the electrolyte was composed of KOH and NaA102, with 
concentration ratio of 1:10. The Mg coupons were coated with the PEO process 
parameters (Table 3.3) in a PEO coating unit (Fig. 3.1). A SPIK 2000A pulse 
generator was employed to transfer the DC to different current modes, i.e. DC+, DC-, 
Unipolar DC+, Unipolar DC- and bipolar DC. Fig. 3.2 shows the typical waveform of 
unipolar DC+ that was used in the Chapter 4. The duty cycle is defined as: 
t 
Dutycycle = - — 
{
on + toff (3 J ) 
In this research, the duty cycle was set as 80% for the concern of the production 
efficiency. The coating index is listed in Table 3.3. 
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Fig. 3.2 Waveform of unipolar DC+ 
3.1.4 Coating characterization 
A SEM (JEOL 2100) (Fig. 3.3) with energy dispersive X-ray (EDX) was utilized to 
observe the surface morphologies of all testing samples and cross-sections of the PEO 
coatings. Cross-section samples were mounted with resin and polished with SiC 
abrasive paper of different grit size. Alumina suspension (0.1 um) was used for the 
final polishing. All mounted samples were sputter-coated with gold before SEM 
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observation. An accelerating voltage 15KV was used. A JEOL 2010 FASTEM high 
resolution TEM (Fig. 3.4) was also used to analyze the coating microstructure and the 
coating/substrate interface, operated at 200 kV. Cross-section TEM sample was 
prepared by using Quanta 3D SEM with focused ion beam (FIB) (Fig. 3.5) operating 
at 30 kV. 
; . ) 
Fig. 3.3 JEOL 2100 Scanning Electron Microscope (SEM) with EDX 
Fig. 3.4 JEOL 2010 FASTEM high resolution TEM 
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Fig. 3.5 Quanta 3D SEM with focused ion beam (FIB) 
Mitutoyo SJ-201P surface profiler (Fig. 3.6) with precision of 0.01 um was used to 
measure the surface roughness of all testing samples, including the uncoated and 
coated Mg AJ62 samples, uncoated and coated A1383/Si02 MMC, Alusil samples and 
cast iron samples. 
I. 
Fig. 3.6 Mitutoyo SJ-201P surface profiler 
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3.1.5 Sliding wear tests 
The tribological properties of the testing samples were tested by use of a reciprocating 
sliding tester with a heating unit, attached to a pin-on-disc tribometer (Sciland 
Pin/Disc Tribometer PCD-300A), Fig. 3.7, against 52100 Cr steel ball (5 mm diameter 
with Vickers hardness about 700 HV). The coefficient of friction (COF) was 
calculated from the strain. In order to compare the tribological performance of the 
PEO coatings with the Al liners currently used in the Al/Mg composite engines, the 
sliding wear tests were also conducted on specimen made of hypereutectic Al-Si 
alloys (AlSil7Cu4Mg). The specimen was prepared from a commercially available 
Alusil® engine cylinder liner. After a special plateau honing process by the 
manufacturer, the Si particles in the Alusil alloy protruded from the matrix and were 
designed to isolate the contact between the soft matrix and the piston ring. However, 
the engine cylinder bore still experiences considerable wear loss under the following 
circumstances: cold start, the use of the ethanol-gasoline mixture fuel (E85) and the 
directly injected fuel. Direct friction surface wear occurs due to the lack of the oil 
lubricant. Therefore, in order to evaluate the anti-wear performance of the PEO 
coatings, the wear tests were conducted under the starved lubrication conditions of 
5W30 Motomaster engine oil with friction surfaces in contact at micro-asperities. A 
tiny amount of the engine oil was swabbed on the sample surface to simulated starved 
lubrication condition. The tests were performed at room temperature (20 C) and 
elevated temperature (150 C). The sample was heated by a heating coil attached to 
the bottom of the sample, and the elevated temperature was controlled by adjusting 
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the voltage applied to the heating coil. The reciprocating frequency was 2Hz. 
Normal loads 2N and 5N were selected so that Alusil sample experienced the mild 
wear and severe wear, respectively. The normal load ION was applied to the PEO 
coated Mg coupons to test the anti-wear performance of the coatings under the 
excessive contact stress. The sliding distance was 250m for all testing samples. The 
wear tracks on the PEO coatings and the Alusil sample were studied by the SEM. The 
wear tracks on the uncoated AJ62 coupons and the worn areas of all the steel balls 
were observed via the optical microscope. The depth of the wear track on each sample 
was also measured via the Mitutoyo SJ-201P stylus surface profiler. The hardness of 
the coatings, the uncoated Mg sample and the Alusil were measured by the Vickers 
hardness tester under 20gf load at 20 and 150 C. 
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Fig. 3.7 Reciprocating sliding tester attached on (a) Sciland Pin/Disc Tribometer 
PCD-300A, (b) counter poise tray and cantilever beam, (c) sliding sample holder and 
rails 
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3.2 Tribological properties of the A1383/Si02 metal-matrix composite 
3.2.1 Material preparation 
An A1383 alloy (AlSi8Cu3) and Si02 particles were selected as the matrix and the 
reinforced material to produce the A1383/Si02 particulate MMC. The size of the Si02 
particles was in the range of 30-50 um. 
3.2.2 Casting process 
o 
Squeeze casting method was used to cast the MMC. At 610 C, the Si02 particles were 
blended into the molten A1383 alloy under the protection of Ar gas. At 590 C, the 
liquid mixture was poured into the die. Two composites with Si02 volume contents of 
5% and 10%, individually, were casted and cut into small coupons (20 x 20 x 5 mm) 
after solidification. 
3.2.3 PEO coating process 
The MMC specimens were polished with SiC sandpapers up to 2400 Grit, rinsed and 
dried. During the PEO process, the MMC coupon (anode) and a stainless steel plate 
(cathode) were immersed into the electrolyte and connected to a pulsed DC power 
supply, operating at a frequency of 2 kHz and the duration time of 80% duty cycle. 
The electrolyte was 8g/l Na2Si03 with KOH added to balance the pH at 13. To reduce 
the manufacturing cost and protect the counterface materials, proprietary oxide 
48 
coatings, illustrated in Fig. 3.8 [104], were produced on the MMC coupons by the 
PEO process. In the coating procedure, the surface of the MMC was first prepared by 
mechanically machining (such as polishing for this study) or electrochemically etched 
by the alkaline solution in which the MMC, as an anode, was connected to the power 
supply. As a result, the Al matrix surface was machined or etched down by 2-5 
microns, and the Si02 particles in the matrix were protruded from the surface with the 
exposed peak height of possibly up to 2-5 microns, as Fig. 3.8 (a) shows. The descent 
Al matrix surface then grew with the formation of a thin oxide layer by plasma 
oxidation when the applied voltage increases (Fig. 3.8 (b)). The surface consisted of 
aluminium oxides in the Al matrix areas and intact original Si02 particles. The plasma 
discharges on the aluminium oxide surface were also utilized to produce a number of 
pores on the surface that can be used as reservoirs of the oil lubricants. With the 
further increase of the oxide layer thickness, the boundaries of the Si02 particles 
started to be melted together with the aluminium oxides in the matrix. The thin oxide 
layer thickness can be in the range of 0.5-10 microns. The coupons of the two groups 
of MMC, containing 5%> and 10% Si02 particles individually, were coated with two 
different coating thicknesses (2 and 5 urn) by adjusting the treatment time of the 
oxidation process described above. Average surface roughness Ra of all samples was 
measured by the stylus surface profiler. 
49 
Al matrix Si02 
Al oxide Si02 Dimple 
Wi^ fi p ^ w j 
(a) (b) 
Fig. 3.8 Schematic drawing of the proprietary oxide coating process: (a) before 
coating and (b) after coating 
3.2.4 Wear tests for the MMC 
Reciprocating sliding wear tests were conducted on the ball-on-plate sliding wear 
tester at room temperature (20 C) under a lubrication starvation condition. The 
lubricant was Motomaster® 5W-30. To evaluate the anti-wear performance of the 
coated and uncoated MMC coupons under the condition where the Alusil sample 
experienced the severe wear, the MMC coupons were sliding against AISI 52100 
chrome steel bearing balls with a diameter of 5 mm under normal loads of 5N. The 
wear test under the normal load ION was also applied to the MMC coupons to test the 
anti-wear performance of the MMC under the excessive contact stress. The total 
sliding distance was 250 m. The wear test under the normal load ION at 150 °C was 
conducted to the coated MMC which showed the best anti-wear resistance so as to 
compare the wear properties of the coated MMC, optimized PEO coated Mg coupon, 
Alusil and cast iron. The JEOL 2100 SEM at a 15 kV operating voltage was used to 
observe the sample surface morphologies, cross sections and wear tracks. The optical 
microscope was utilized to measure the worn volume loss of the counter steel balls. 
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CHAPTER 4 INFLUENCE OF THE PLASMA 
ELECTROLYTIC OXIDATION (PEO) PROCESS 
PARAMETERS ON THE WEAR PROPERTIES OF 
THE COATINGS ON THE Mg AJ62 ALLOY AT 
ROOM TEMPERATURE 
In this chapter, the wear properties of the coatings at room temperature were 
investigated by the reciprocating sliding wear tester under starved lubrication 
condition. The starved lubrication condition is used to simulate the insufficient 
lubrication condition when the engine is cold-start or in use of ethanol-gasoline 
mixture. The engine cylinder bore experiences considerable wear loss under such 
inadequate lubrication condition. In order to apply the PEO coatings on the cylinder 
bore for wear protection, the PEO process needs to be optimized so that the coating 
has minimum friction (low oil consumption), proper surface roughness (in the range 
of 0.2-0.3 um without honing process) and maximum thickness (sufficient 
load-bearing capability). Therefore, the effects of the PEO process parameters on the 
coating properties, including thickness, surface roughness and coefficient of friction 
(COF), needed to be studied to adjust the process parameters so as to obtain a PEO 
coating with the optimal wear properties. Response surface methodology (RSM) was 
used to establish the relationships between the desired properties and the process 
parameters. And multi-objective optimization was applied to find the optimal 
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process parameters. 
4.1 Characterizations of the PEO coatings on the Mg AJ62 alloy 
Fig. 4.1 shows the SEM micrographs of the PEO coatings on the Mg AJ62 alloy 
S1-S30, named in Table 3.3. Projections and microporosities were observed on all the 
coated samples, Fig. 4.1(1-30). However, the sizes of the projections and the 
microporosities were different. The shapes of the projections were also various. Curly 
projections were founded to be dominant on the surfaces of coatings SI, S5, S7, S9, 
S13 and SI7. The surfaces of other coatings were dominated by donut-shaped 
projections with open or sealed microporosities in the center. The microporosities 
were considered as footprints of the plasma discharge channels, through which the Mg 
and Mg2+ from the substrate were likely ejected and reached the coating/electrolyte 
interface during the plasma-caused melting, then combined with the Al2Ol~ or OH" 
and reacted with 0 2 generated due to electrolysis, and finally sintered and deposited 
on the coating surface, contributing to the coating growth. 
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Fig. 4.1 SEM micrographs showing the surface morphologies of the PEO coatings on 
the Mg AJ62 alloy: (1) SI and (2) S2 
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Fig. 4.1 SEM micrographs showing the surface morphologies of the PEO coatings on 
the Mg AJ62 alloy: (3) S3, (4) S4, and (5) S5 (continued) 
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Fig. 4.1 SEM micrographs showing the surface morphologies of the PEO coatings on 
the Mg AJ62 alloy: (6) S6, (7) S7, and (8) S8 (continued) 
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Fig. 4.1 SEM micrographs showing the surface morphologies of the PEO coatings on 
the Mg AJ62 alloy: (9) S9, (10) SIO, and (11) Sll (continued) 
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Fig. 4.1 SEM micrographs showing the surface morphologies of the PEO coatings on 
the Mg AJ62 alloy: (12) S12, (13) S13, and (14) S14 (continued) 
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Fig. 4.1 SEM micrographs showing the surface morphologies of the PEO coatings on 
the Mg AJ62 alloy: (15) S15, (16) S16, and (17) S17 (continued) 
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Fig. 4.1 SEM micrographs showing the surface morphologies of the PEO coatings on 
the Mg AJ62 alloy: (18) SI8, (19) SI9, and (20) S20 (continued) 
59 
(21) 
50um 1 0 u m 
(22) 
Fig. 4.1 SEM micrographs showing the surface morphologies of the PEO coatings on 
the Mg AJ62 alloy: (21) S21, (22) S22, and (23) S23 (continued) 
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Fig. 4.1 SEM micrographs showing the surface morphologies of the PEO coatings on 
the Mg AJ62 alloy: (24) S24, (25) S25, and (26) S26 (continued) 
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Fig. 4.1 SEM micrographs showing the surface morphologies of the PEO coatings on 
the Mg AJ62 alloy: (27) S27, (28) S28, and (29) S29 (continued) 
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Fig. 4.1 SEM micrographs showing the surface morphologies of the PEO coatings on 
the Mg AJ62 alloy: (1) SI, (2) S2, (3) S3, (4) S4, (5) S5, (6) S6, (7) S7, (8) S8, (9) S9, 
(10) SIO, (11) Sl l , (12) S12, (13) S13, (14) S14, (15) S15, (16) S16, (17) S17, (18) 
S18, (19) S19, (20) S20, (21) S21, (22) S22, (23) S23, (24) S24, (25) S25, (26) S26, 
(27) S27, (28) S28, (29) S29 and (30) S30; the insert graphs are the magnified 
micrographs 
Fig. 4.2 shows the cross-sectional SEM micrographs of the PEO coatings, from which 
the coating thickness were measured and listed in Figure 4.4 (a). A relatively dense 
inner layer was clearly observed underneath a porous top layer on coatings S l l , SI2, 
S13, S15, S16, S20 and S24, Fig. 4.2(11, 12, 13, 15, 16, 20 and 24). The double-layer 
microstructure might also exist in other coatings, but could not be observed because 
the inner layer was not uniform in thickness and the coatings were prone to fracture 
during the polishing process. Plasma discharge channels could be found in the porous 
top layers of the coatings S l l , S12, S15, S16, S20 and S24, as shown in Fig. 4.2(11, 
12, 15, 16, 20 and 24). The plasma discharge channels went through the porous layer 
but stopped at the inner layer, which could be categorized as C type plasma discharge, 
occurring in the micropores under the relatively deep surface [79]. These coatings 
were all produced with the high current density and long treatment time, which caused 
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intensive plasma discharges. And the coatings were locally melted by the high 
temperature generated by the intense plasma discharges, promoting the formation of 
the dense layers. The coating thicknesses were measured at four different locations. 
The average values were calculated and shown in Fig. 4.4(b). 
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Fig. 4.2 Cross-sectional SEM micrographs of the PEO coatings on the Mg AJ62 alloy: 
(1) SI, (2) S2, (3) S3, (4) S4, (5) S5 and (6) S6 
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Fig. 4.2 Cross-sectional SEM micrographs of the PEO coatings on the Mg AJ62 alloy: 
(7) S7, (8) S8, (9) S9, (10) SIO, (11) Sll and (12) S12 (to be continued) 
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Fig. 4.2 Cross-sectional SEM micrographs of the PEO coatings on the Mg AJ62 alloy: 
(13) S13 (14) S14, (15) S15, (16) S16, (17) S17 and (18) S18 (to be continued) 
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Fig. 4.2 Cross-sectional SEM micrographs of the PEO coatings on the Mg AJ62 alloy: 
(19) S19, (20) S20, (21) S21, (22) S22, (23) S123 and (24) S24 (to be continued) 
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Fig. 4.2 Cross-sectional SEM micrographs of the PEO coatings on the Mg AJ62 alloy: 
(1) SI, (2) S2, (3) S3, (4) S4, (5) S5, (6) S6, (7) S7, (8) S8, (9) S9, (10) SIO, (11) S l l , 
(12) S12, (13) S13, (14) S14, (15) S15, (16) S16, (17) S17, (18) S18, (19) S19, (20) 
S20, (21) S21, (22) S22, (23) S23, (24) S24, (25) S25, (26) S26, (27) S27, (28) S28, 
(29) S29 and (30) S30 
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Fig. 4.3 shows the correlation of the surface roughness and coating thickness of all 
PEO coatings on the Mg AJ62 alloy. The surface roughness was found to increase 
with the coating thickness. As the coatings get thick, the plasma discharge becomes 
intense, leading to a rougher surface. 
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Fig. 4.3 Correlation between the surface roughness and coating thickness of PEO 
coatings on the Mg AJ62 alloy 
Fig. 4.4 is a typical XRD pattern of a PEO coating on the Mg AJ62 alloy studied in 
this thesis. The (220), (311), (440) and (531) peaks of the MgAl204 phase and the 
(200) and (220) peaks of the MgO phase were identified on all coatings. Thus the 
coatings were composed of MgAl204 and MgO phases. Due to the overlap of some 
peaks of the Mg and MgAl204 phases, it was difficult to determine the composition 
ratio of MgAl204 and MgO phases. 
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Fig. 4.4 Typical XRD pattern of the PEO coatings on the Mg AJ62 alloy studied in the 
thesis; • corresponded to the phases from the Mg substrate. 
Fig. 4.5 presents the Vickers hardness testing results of the PEO coatings measured at 
room temperature with the load 20gf against the coating thickness. The hardness 
varied in the range of 300-600 HV. In this research, it was found that the coating 
hardness approximately increased with the coating thickness. The increasing slope 
was gradually reduced and finally reached zero. It was well known that the measured 
hardness included the contributions of both substrate and coating when the ratio of 
indentation depth over total coating thickness was more than 10-15%, under which 
the substrate had no influence on the measured hardness. For coatings S3, S7, S9, S13 
and SI7, the measured hardness deviated from other coatings. The microstructure 
consisting of the porous curly projections weakened the anti-plastic deformation 
capability of the coatings, resulting in the measured hardness lower than the fitted 
values. Other factors like phase composition might also lead to the lower coating 
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hardness. 
Fig. 4.6 is the typical cross-sectional TEM images of the PEO coating on Mg AJ62 
alloy. According to Fig. 4.2(26), the coating had a dense inner layer and a porous top 
layer. Fig. 4.6(a) shows the TEM image of the microstructure of the porous top layer. 
Nano-particles with 100-200 nm in size could be observed. Fig. 4.6(b) shows the 
TEM image of a representative microstructure of the dense layer near the 
coating/substrate interface. Obviously, within the dense layer, the coating had a 
non-porous interlayer 1 (about 400 nm thick) and a relatively porous interlayer 2. The 
Fig. 4.6(c) is a magnified bright field TEM image of the microstructure near the 
interface. Unconnected rather than interconnected porosities were found in the porous 
interlayer 2, but no porosity was observed in the interlayer 1. Fig. 4.6(d) is a bright 
field TEM image of the microstructure of the interlayer 1. Based on the observation, 
the interlayer 1 was composed of nano-grains with the grain size of 10-20 nm. Fig. 
4.6(e) shows the TEM image of the lattice of one nano-grain located in the interlayer 
1. According to Ref [17], the nanocrystalline structures of the interlayer 1 could 
significantly increase the abrasive wear and corrosion resistances of the PEO coating. 
Fig. 4.6(f) is the selected area electron diffraction (SAED) pattern of the interlayer 1. 
The diffraction rings 1, 2, 4, 5 and 6 corresponded to (220), (311), (422), (440) and 
(531) reflection planes of MgAl204, respectively. The rings 3 and 7 referred to (200) 
and (220) reflection planes of MgO, individually. 
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Fig. 4.5 Effect of the coating thickness on the measured Vickers Hardness of the PEO 
coatings tested at room temperature (20 °C) 
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Fig. 4.6 Cross-section TEM images of (a) microstructure of the porous top layer 
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Fig. 4.6 Cross-section TEM images of (b) microstructure of the dense layer 
coating/substrate interface and (c) magnified bright field TEM image of 
microstructure near the interface (to be continued) 
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Fig. 4.6 Cross-section TEM images of (a) microstructure of the porous top layer, (b) 
microstructure of the dense layer near coating/substrate interface, (c) magnified bright 
field TEM image of the microstructure near the interface (d) magnified image of the 
interlayer 1, (e) lattice of one nano-grain in the interlayer 1, (f) SAED pattern from 
interlayer 1 
4.2 Wear testing results at room temperature 
Fig. 4.7 shows the SEM micrographs of the detectable wear tracks on the testing 
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samples including the uncoated Mg AJ62 substrate, PEO coatings and reference 
materials (Alusil and cast iron G2500) under the normal load 2N at room temperature. 
Severe worn grooves were found on the untreated samples under 2N load, Fig. 4.7(a). 
During the wear test, the maximum compressive stress exerted on the uncoated Mg 
sample was estimated about 460 MPa for the normal load 2N, according to the Hertz 
contact stress equation [105] for a sphere-on-plane contact condition. Thus, the 
compressive stress is much larger than the yield strength of the Mg alloy (about 140 
MPa according to the datasheet from Meridian Lightweight Technology Inc [106]). 
Therefore, during the wear test, large plastic deformation occurred on the uncoated 
Mg alloy, resulting in the severe abrasive wear. For the Alusil sample, the maximal 
contact stress exerted on the Si particles was about 710 MPa, which was larger than 
the yield strength of the Al matrix (280 MPa estimated from the hardness). Therefore, 
the Al matrix supporting the Si particles was plastically deformed, causing the Si 
particles protruding from the matrix before the wear test to sink in, Fig. 4.7(b). Thus 
the steel ball started to locally contact with the soft matrix and caused slight abrasive 
grooves and material removal. But no scratch was detected on the Si particles after the 
250 m sliding wear test under a 2N load. Fig. 4.7(c) shows the wear track of coating 
S3. Inside the wear track, the curly projections were removed (implied by the low 
contents of elements O and Al but high content of Mg in the EDX spectra, not shown 
here), exposing the substrate with abrasive grooves. The porous microstructure might 
promote the initialization and propagation of the cracks, causing the coating to peel 
off from the substrate. After the coating failed, the soft Mg matrix was subject to the 
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plastic deformation, forming the abrasion. For other coatings, the wear tracks were 
undetectable. 
WT AJ62 
WT 
100um 
' (b) Alusil 
Sinking-in 
Si particles 
50 um 
Fig. 4.7 SEM micrographs showing the detectable wear tracks on the testing samples 
after the wear tests conducted under the normal load 2N at room temperature: (a) the 
uncoated Mg AJ62 substrate and (b) Alusi; the arrows indicating the outline of the 
wear tracks 
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Fig. 4.7 SEM micrographs showing the detectable wear tracks on the testing samples 
after the wear tests conducted under the normal load 2N at room temperature: (a) the 
uncoated Mg AJ62 substrate, (b) Alusil, and (c) S3; the arrows indicating the outline 
of the wear tracks 
Fig. 4.8 presents the SEM micrographs of the detectable wear tracks on the testing 
samples including the uncoated Mg AJ62 substrate, PEO coatings and reference 
materials (Alusil and cast iron G2500) under the normal load 5N at room temperature. 
For the uncoated Mg coupon, with the normal load increasing from 2N to 5N, the 
maximal contact stress reached 630 MPa. As a result, the width of the wear track also 
increased with the normal load, Fig. 4.8(a). The Alusil sample surface appeared to 
have considerable material removals from the Al matrix, and most of the Si particles 
inside the wear track were found to be sinking-in and some of them even fractured, 
Fig. 4.8(b). A slight abrasive groove was detected on the surface of coating SI, Fig. 
4.8(c). The curly projections of coatings SI was slightly worn off. On coating S2, a 
deeper groove was found, Fig. 4.8(d). The high contents of Mg, O and Al in the EDX 
spectra indicated the presence of MgO and MgA104 inside the deep groove. Therefore, 
the coating did not fail. The elements Na and C came from the lubricant engine oil. 
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For coating S3, with the contact stress increasing, peeling-off became more severe, 
Fig. 4.8(e). The curly projections on coating S5 were also slightly abraded, Fig. 4.8(f). 
The high content of Fe and O in the EDX spectra implied the presence of iron oxide, 
transferred from the counter steel ball during the wear test due to the adhesion (lack of 
lubrication). Slight abrasive grooves, peeling-off (indicated by the low contents of O 
and Al) and chippings were detected on coating S6, Fig. 4.8(g). After the coating 
locally peeled off, the soft substrate was exposed and scratched by the counter steel 
ball, resulting in the scratch in the substrate. At the locations of the chipping, due to 
the protection of the residual oxides, no groove was detected. Chippings were found 
on coatings S8 and S9, Fig. 4.8(i) and (j)- Coatings S7, S13, S17 and S23 were found 
to be locally peeled off, Fig. 4.8(h), (k), (1) and (m). 
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Fig. 4.8 SEM micrographs showing the detectable wear tracks on the testing samples 
after the wear tests conducted under the normal load 5N at room temperature: (a) the 
uncoated Mg AJ62 substrate; the arrows indicating the outline of the wear tracks 
78 
WT- •* A 
100iim 
501 mi 
WT 
WT, 
;50um' 10um-
J 
Fig. 4.8 SEM micrographs showing the detectable wear tracks on the testing samples 
with the EDX spectra after the wear tests conducted under the normal load 5N at room 
temperature: (b) Alusil, (c) SI, (d) S2; the arrows indicating the outline of the wear 
tracks, the red cross showing the location of the EDX analysis (continued) 
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Fig. 4.8 SEM micrographs showing the detectable wear tracks on the testing samples 
with the EDX spectra after the wear tests conducted under the normal load 5N at room 
temperature: (e) S3, (f) S5, (g) S6; the arrows indicating the outline of the wear tracks, 
the red cross showing the location of the EDX analysis (continued) 
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Fig. 4.8 SEM micrographs showing the detectable wear tracks on the testing samples 
with the EDX spectra after the wear tests conducted under the normal load 5N at room 
temperature: (h) S7, (i) S8, (j) S9; the arrows indicating the outline of the wear tracks 
(continued) 
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Fig. 4.8 SEM micrographs showing the detectable wear tracks on the testing samples 
with the EDX spectra after the wear tests conducted under the normal load 5N at room 
temperature: (a) the uncoated Mg AJ62 substrate, (b) Alusil, (c) SI, (d) S2, (e) S3, (f) 
S5, (g) S6, (h) S7, (i) S8, (j) S9, (k) S13, (1) S17 and (m) S23; the arrows indicating 
the outline of the wear tracks, the red cross showing the location of the EDX analysis 
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Fig. 4.9 shows the effects of coating average roughness (Ra) and coating thickness on 
the coefficient of friction (COF) under a normal load 2N at room temperature. It was 
found that the COF increased with the surface roughness, Fig. 4.9(a), except for 
coating S3. Under the starved lubrication condition, the COF increased with the 
severity of asperity interactions, which is calculated by the following equations 
(4.1-4.4) [107]. 
2 = % L (4.1) 
kmn = 1.79B547a°-49i7g-6Bl/M8ff*-ai2Wr-(L07 (4.2) 
cr*2 = J& + i ^ (4.4) 
Where hmjn is the minimal oil film thickness, a is the surface roughness of the two 
surfaces in contact, Rsi and Rs2 are the surface roughness values of the steel ball and 
testing sample, a and % are the constants for the lubricant oil, U is the sliding 
velocity, E* is the composite elastic modulus of the steel ball with elastic modulus Esi 
and the PEO coating with elastic modulus Es2, W is the normal load, vsi and vs2 are the 
Poisson ratios of the steel ball and the PEO coating, individually. Therefore, the 
severity A, increased with the surface roughness of the PEO coatings, reducing the effect 
of the lubricant. Meanwhile, more asperities of the two wear surfaces were in direct 
contact as the coating roughness increased. Thus, the COF increased with the surface 
roughness due to the reduced effect of the lubricant. The COF was also found to 
increase with the coating thickness, Fig. 4.9(b), except for coating S3. Since the surface 
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roughness increased with the coating thickness, Fig. 4.4, the effect of the coating 
thickness on the COF tested under the normal load 2N might be also attributed to the 
reduced lubrication condition. For coating S3, the microstructure characterized by the 
porous curly projections reduced the load-bearing capability of the coating. Thus, the 
coating was vulnerable to crack or peeling off, consistent with the SEM micrograph of 
the wear track on coating S3, Fig. 4.7(c). Under the normal load 2N, the COF of PEO 
coatings were higher than those of the reference materials, Alusil and cast iron but 
lower than that of the uncoated AJ62 (0.51). 
Fig. 4.10 shows the effects of the coating average roughness (Ra) and coating thickness 
on the coefficient of friction (COF) under the normal load 5N at room temperature. The 
COF was also found to increase with surface roughness and coating thickness due to the 
reduced lubrication condition and increased severity of asperity contact as discussed in 
the previous paragraph, except for failed coatings S3, S7, S9, SI3 and SI7, whose data 
deviated from the rest, Fig. 4.10 (a) and (b). But when the surface roughness and 
coating thickness were high, due to the high severity of the asperity contact, the direct 
contact of the asperities was dominant. Thus the effects of the two factors on the COF 
were less significant. The exceptional coatings were all featured with the porous curly 
projections, Fig. 4.1(3), (7), (9), (13) and (17). The porous microstructure lowered the 
load-bearing capability of the coatings. Thus, when the normal load increased, the 
coatings were subject to crack or peeling-off, which were observed in the SEM 
micrographs of the wear tracks in Fig. 4.8(e), (h), (j), (k) and (1). Under the normal load 
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5N, due to the large plastic deformation in the Al matrix, the Si particles were 
sinking-in and failed to protect the soft Al matrix, Fig. 4.8(b). Therefore, the Alusil 
exhibited a higher COF than most of the coatings. The cast iron and the uncoated AJ62 
still presented the lowest and highest COF, 0.12 and 0.52, individually, among all 
testing samples. It was also found that when the normal load increased from 2N to 5N, 
the COF of all testing samples were increased. For coatings with low surface roughness, 
the direct contact of the asperity between the two wear surfaces was limited by the oil 
film. Thus, the COF was significantly affected by the minimal oil film thickness that 
decreased with the increased normal load according to equation 4.2. As a result, the 
COF increased with the normal load. 
Figure 4.11 shows the wear rates of the PEO coatings tested under the normal loads 2N 
and 5N at room temperature. The wear rate k was defined by the following equation: 
V k = — (4.5) 
WL 
Where V is the volume loss of the testing sample, W is the normal load and L is the 
wearing distance. Under 2N, only coating S3 exhibited an exceptionally high wear rate, 
Fig. 4.11 (a), consistent with the removal of the coating inside the wear track, Fig. 4.7(c). 
The low wear resistance attributed to microstructure featured with the porous curly 
projections, facilitating the initialization and propagation of the cracks during the wear 
test. Since the wear tracks of other coatings were too shallow to be detected, the wear 
rate was estimated as zero. The uncoated AJ62 showed a much higher wear rate (k) 
about 680 x 10"6mm3/Nm than the PEO coatings. The wear rates of Alusil and cast iron 
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v 6 3 samples were 0.16 x 10" mm /Nm and zero, individually. Under 5N, coatings S3, S7, 
S9, S13 and S17 showed higher wear rates than the other coatings, Fig. 4.11(b). As the 
normal load increased, more asperities on the surfaces of the coatings and the counter 
steel balls were directly contacted, deformed and ploughed. The porous microstructures 
of these coatings made the projections subject to be worn off, causing considerable 
material removal inside the wear tracks, Fig. 4.8(e), (h), (j), (k) and (1). The uncoated 
AJ62 sample showed the increased wear rate about 810 x 10" mm /Nm when the 
normal load was raised to 5N. Due to the failed protection from the Si particles, Alusil 
6 3/ had a considerably increased wear rate (15 x 10" mm /Nm), higher than most of the 
coatings. The wear rate of the cast iron was still zero due to the undetectable wear track. 
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4.3 Optimization of the PEO process 
4.3.1 Fitting the response surfaces 
In order to apply the PEO coatings on the cylinder bore application for wear protection, 
the PEO process needs to be optimized so that the PEO coatings have the following 
properties: 
High coating thickness —> high load-bearing capability 
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Low surface roughness (0.2-0.3 urn) —> no need of honing process 
Low COF —» low emission and high fuel efficiency 
Low wear rate —» high durability 
To optimize the PEO process, via the Expert-Design software, the response surface 
methodology was used to establish the relationships (response surfaces) between the 
coating properties and the PEO main process parameters. By fitting models of the 
response surfaces between the responses and the process parameters, the effects of the 
process parameters and their interactions on the responses could be analyzed. 
Before obtaining the response surface, it was necessary to determine which model to 
choose for the response surface. Design-Expert calculated the effects for all model 
terms. It produced statistics such as p-values, lack of fit, and R values for comparing 
the models. The selected model should meet the following requirements: 
1) The highest order model that is significant (P-value small) and not aliased. 
2) No lack of fit (P-value > 0.10) 
3) Reasonable agreement between Adjusted R-squared and Predicted R-squared 
(within 0.2 of each other). 
Based on the above consideration, according to Table 4.1, the model containing linear 
and 2 factor interaction terms was selected. Table 4.2 shows the ANOVA results of the 
selected model for coating thickness. The high values of the R , Adjusted R and 
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predicted R2 implied the model fitted the experimental data well. The p-value for lack 
of fit, which was more than 0.1, indicated that no lack of fit was found. The p-value for 
each term was used to determine whether the term was a significant factor or not. Terms 
with p-value higher than 0.1 were considered as insignificant factors. Therefore, the 
model contained too many insignificant factors and needed to be reduced. In this 
research, backward elimination procedure was used to reduce the model. Only terms 
with p-value less than a specific value were considered as significant factors and kept in 
the model. Usually, 0.05 and 0.1 were used as the criterion. The former was more 
conservative than the latter when considering the significant factors. For coating 
thickness, 0.05 was selected. Table 4.3 is the ANOVAresults of the reduced model for 
coating thickness. According to the p-value, electrolyte concentration (A), current 
density (B), treatment time (D) and interaction between electrolyte concentration and 
treatment time (AD) were found to be significant factors. Also, the reduced model has 
no lack of fit. The high values of the R2, Adjusted R2 and predicted R implied the 
reduced model also fitted the experimental data well. 
Table 4.1 Statistical analysis results of the model selection for the coating thickness 
Source 
Linear 
2FI 
Quadratic 
Cubic 
Sequential p-value 
< 0.0001 
0.0415 
0.1903 
0.7462 
Lack of Fit p-value 
0.1574 
0.2824 
0.3439 
0.1187 
Adjusted R2 
0.897065 
0.927772 
0.93769 
0.921513 
Predicted R2 
0.865522 
0.892612 
0.871132 
-0.72288 
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Table 4.2 ANOVA results of the model for coating thickness 
Source 
Model 
A 
B 
C 
D 
AB 
AC 
AD 
BC 
BD 
CD 
Residual 
Lack of Fit 
Pure Error 
Cor Total 
R2 
Adjusted R2 
Predicted R2 
Sum of Squares 
21.57058 
0.306051 
13.37086 
0.08476 
6.84971 
0.203984 
0.007043 
0.521946 
0.006859 
0.212781 
0.006581 
1.150783 
0.94611 
0.204673 
22.72136 
0.949352 
0.922696 
0.890046 
df 
10 
19 
14 
5 
29 
Mean Square 
2.157058 
0.306051 
13.37086 
0.08476 
6.84971 
0.203984 
0.007043 
0.521946 
0.006859 
0.212781 
0.006581 
0.060568 
0.067579 
0.040935 
F Value 
35.61408 
5.053053 
220.7595 
1.399432 
113.0921 
3.367869 
0.116287 
8.617582 
0.113252 
3.513114 
0.108652 
1.650906 
p-value Prob > F 
< 0.0001 
0.0366 
< 0.0001 
0.2514 
< 0.0001 
0.0822 
0.7368 
0.0085 
0.7402 
0.0763 
0.7453 
0.3030 
Table 4.3 ANOVA results of the reduced model for coating thickness 
Source 
Model 
A 
B 
D 
AD 
Residual 
Lack of Fit 
Pure Error 
Cor Total 
R2 
Adjusted R2 
Predicted R2 
Sum of Squares 
21.04857 
0.306051 
13.37086 
6.84971 
0.521946 
1.672791 
1.468118 
0.204673 
22.72136 
0.926378 
0.914599 
0.895592 
df 
4 
1 
1 
1 
1 
25 
20 
5 
29 
Mean Square 
5.262142 
0.306051 
13.37086 
6.84971 
0.521946 
0.066912 
0.073406 
0.040935 
F Value 
78.64314 
4.573958 
199.8286 
102.3695 
7.800522 
1.793245 
p-value Prob > F 
< 0.0001 
0.0424 
< 0.0001 
< 0.0001 
0.0099 
0.2690 
The analysis of the response surfaces of other coating properties were conducted in the 
same way. The ANOVA results of surface roughness, COF under 2N and COF under 
5N at 20 °C are listed in Table 4.4, 4.5 and 4.6, individually. And the corresponding 
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residual analysis plots are presented in Fig. 4.12(b), (c) and (d). The residuals of surface 
roughness, COF under 2N at 20 °C and COF under 5N at 20 °C followed the normal 
distribution, Fig. 4.12(b) (c) and (d). 
Table 4.4 ANOVA results of the surface roughness 
Source 
Model 
A 
B 
D 
B2 
Residual 
Lack of Fit 
Pure Error 
Cor Total 
R2 
Adjusted R2 
Predicted R2 
Sum of Squares 
1.813847 
0.083464 
1.304458 
0.388542 
0.037383 
0.096865 
0.077505 
0.01936 
1.910712 
0.949304 
0.941193 
0.929201 
df 
4 
1 
1 
1 
1 
25 
20 
5 
29 
Mean Square 
0.453462 
0.083464 
1.304458 
0.388542 
0.037383 
0.003875 
0.003875 
0.003872 
F Value 
117.034436 
21.54141824 
336.6690381 
100.2791201 
9.648167346 
1.000865816 
p-value Prob > F 
< 0.0001 
< 0.0001 
< 0.0001 
< 0.0001 
0.0047 
0.5565 
Table 4.5 ANOVA results of the COF under 2N at 20 °C 
Source 
Model 
A 
B 
D 
Residual 
Lack of Fit 
Pure Error 
Cor Total 
R2 
Adjusted R2 
Predicted R2 
Sum of Squares 
36.54472255 
1.443306922 
32.18087899 
2.920536635 
8.742719468 
8.002737852 
0.739981615 
45.28744201 
0.806950468 
0.784675522 
0.739984454 
df 
3 
1 
1 
1 
26 
21 
5 
29 
Mean Square 
12.18157 
1.443307 
32.18088 
2.920537 
0.336258 
0.381083 
0.147996 
F Value 
36.22682 
4.292255 
95.70281 
8.685393 
2.574947 
p-value Prob > F 
< 0.0001 
0.0483 
< 0.0001 
0.0067 
0.1488 
91 
n O 
•H 
Pi 
3 
IO 
2 
UJ 
IO 
O 
o 
u 
P 
pl 
O 
o 
r: 
3 
n 
i - t 
( / i 
2 
03 
bO 
o 
O 
•n 
0Q 
4^ 
*—i 
IO 
n 
p 
P 
PS 
P 
«< CO 
co 
" a 
o 
CO 
O 
/—^ 
w 
O 
o 
P 
PI 
0Q 
Pf" 
O 
pr 
0) ( / I 
1/1 
a* 
*—' 
CO 
s 3, 
o 
<D 
5 
O 
0Q 
r 
G 
a> 
i—l o 
3 ° 
3 o 
v ; 
^ 5 
c <= 
Q. 
f t 
3 -* £? o 
N <=> 
f t 
>°2 ft o 
_ o 
4V 
O 
CO 
o 
3 
° .!• 3 S 
P o 
v ; 
C/5 ^ 
e => 
C L ° 
f t 
3 
N 2 
0 . 0 
f t 
t o -»• 
M P 
Normal % Probability 
1 , , , ,5p , , 99 
Normal % Probability 
o 
0
 CO 
w 
Normal % Probability 
1 50 99 
JCDf 
50 99 
3 o 
a 
3 *» p o |—; o 
s ° 
a. 
ft 
3 o 
o-
a. 
c 
ID 
% 
% 
Normal % Probability 
1 . ..Li...idiifaii5jBM1einm«n.,[99 
ft • 
3 N 
i-
C3- o 
ft 
3 
N => 
ft o &. o 
ft 
&• 2 C ° 
CO* 
3" 
P -
o 
ST 
o 
ON 
4^ 
• fc -
oo 
> 
a-. 
CO 
( - * • 
Cu 
1* 
O 
^ 0 
00 
Is) 
VO 
to 
O 
bo 
to 
o 
O 
o 
pl 
o 
ON 
to 
CO 
to 
vo 
h3 
CD 
o 
vo 
ON 
V l 
o 
b 
VO 
t - 1 
P 
O 
o 
l-»3 
I? 
I—* 
o 
vo 
p 
to 
~ j 
o 
o 
oo 
<1 
to 
- J 
VO 
o 
b 
4 ^ 
CO 
O 
CXI 
Os 
4* 
to 
O 
to 
to 
00 
- J 
00 
0 \ 
VO 
VO 
VO 
VO 
to 
4^ 
00 
vo 
o 
b o o 
4*. 
> 
o 
VO 
45-
- 4 
4 ^ 
O 
vo 
4 i 
h—» 
< l CT\ 
4i-
4^ 
i—* 
i—» 
o> 
to 
o 
b 
4* 
VO 
^ 1 
O 
to 
to 
4* 
»—» 
I—* 
4^ 
o 
b 
to 
00 
w 
to 
o 
00 
<-« 
4^ 
to 
o 
00 
4^ 
to 
VO 
to 
A 
p b 
o 
o 
> 
O N 
00 
U> 
4^ 
u> 
VO 
to 
ON 
bo 
u» 
-£>. 
u> 
VO 
to 
to 
VO 
bo 
to 
*-
to 
A 
O b 
O 
o 
2 
o 
f t 
to 
b 
< i 
to 
cy< 
b 
42-
ON 
00 
4^ 
to 
VO 
00 
ON 
- J 
A 
O b 
o 
o 
o 
% 
00 I 
o 
•§ 
63 
CO 
Cu 
i-t^ 
2 
g 
IJO 
3 
>Tl 
< 
63 
pr 
TO 3 
cr 
V 
g 
ON 
O 
CO 
o 
o 
I 
i-t 
p 
to 
o 
o 
n 
The response surfaces for coating thickness, surface roughness, COF under 2N and 5N 
at 20 °C are listed in the following equations (4.6-4.9). 
Coating thickness = (-0.07 + 0.05 * electrolyte concentration + 23.1 * current density 
+ 0.2 * treatment time - 0.007 * electrolyte concentration * treatment time)2 (4.6) 
Roughness = (0.2 - 0.01 * electrolyte concentration + 12.1* current density 
+ 0.03 * treatment time - 44.3 * current density2 )2 (4.7) 
Coefficient of friction under 2N at 20 °C = (8.9 + 0.06 * electrolyte concentration 
33.4 * current density - 0.008 * treatment time)"1'2 - 0.2 (4.8) 
Coefficient of friction under 5N at 20 °C = (6.01 + 0.2 * electrolyte concentration 
- 33.2 * current density - 0.2 * treatment time 
-1.21 * electrolyte concentration * current density 
+ 2.48 * current density * treatment time)-1 (4.9) 
In this research, no duplication of the coating samples were included in the tests, except 
for the 6 central points of the testing matrix, S25-S30, that were used to estimate the 
amount of variation in replicated design points. Therefore, the function of the wear rate 
k could not be obtained because the wear rates of these 6 coatings were all considered 
as zero under the normal loads 2N and 5N at room temperature due to the undetectable 
wear tracks. 
4.3.2 Effect of the PEO process parameters on the responses 
The current frequency (C) was not included in the above fitted equations 4.6, 4.7, 4.8 
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and 4.9. The high frequency (up to 2 kHz) was intentionally used to suppress the intense 
plasma discharge to avoid the destruction of the coating. However, in this research, the 
short coating treatment time (less than 15 mins) and low current density (less than 0.1 
A/cm2) were not sufficient for the plasma discharge to become strong and destructive. 
Therefore the suppression effect of the pulse current on the plasma discharge was not 
notable. 
The main effects on coating thickness are shown in Fig. 4.13. The high concentration of 
AlOj and OH~ in the concentrated electrolyte promoted not only the coating 
formation reactions (2.3, 2.4 and 2.5), but also facilitated the following reactions [81]: 
40H' -4e = 2H20 + 02 T (4.10) 
2A102~ -2e = Al203+-02 f (4.11) 
The above two reactions suppressed the generation of Mg2+by competing for the 
electrons. Due to the limited supply ofMg2+, the coating formation reactions were 
refrained. Thus, the coating thickness decreased with the electrolyte concentration, as 
shown in Fig. 4.13(a). The increased current density promoted the anodic reaction (2.1), 
which was crucial to the coating formation reaction (2.5). Thus, the coating thickness 
increased with the current density, as shown in Fig. 4.13(b). As the treatment time 
extended, the coating thickness surely increased, as Fig. 4.13(c) presented. It was also 
found that the main effect of the electrolyte concentration was less significant than 
those current density and treatment time, because the plasma discharge was affected 
more significantly by the current and treatment time than the electrolyte concentration. 
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Due to the existence of the interaction between the electrolyte concentration (A) and the 
treatment time (D) in equation 4.6, the effects of the two factors on the coating 
thickness were dependent on each other. The effect of the factor interaction between 
electrolyte concentration and treatment time is shown in Fig. 4.14. When D was at low 
level, the coating thickness was almost independent of electrolyte concentration. The 
high concentration of A102 and OH" refrained the supply of the Mg2+ due to the 
promoted reactions (4.10) and (4.11). Thus, in the designed range, the high electrolyte 
concentration did not have a considerably positive effect on the thickness for the short 
treatment time. However, when D was at high level, the thickness decreased with the 
increasing electrolyte concentration. During the PEO process, after a certain treatment 
time, the plasma discharge became intense. Then an excessive oxygen evolution 
phenomenon happened, caused by reactions (4.12) and (4.13) [108]. The oxygen 
evolution reaction further suppressed the anodic reaction (2.1) by competing for the 
electrons. Therefore, in this research, the high concentration electrolyte had a negative 
effect on the thickness due to the sufficient supply of OH". 
H202+OH~ =H20 + H02 (4.12) 
H02-2e = H+ +02 (4.13) 
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The main effects of the process parameters on the surface roughness (Ra) are listed in 
Fig. 4.15. The surface roughness decreased with the electrolyte concentration (A) but 
increased with the current density (B) and treatment time (D). During the PEO process, 
the plasma discharge became more intensive as the coating thickness increased. As a 
result, the size of the projections formed on the coating surface also increased. As 
discussed above, in this research, the high electrolyte concentration was not favorable 
to the coating growth. And the coating roughness increased with the thickness, Fig. 4.4. 
Thus, in this research, the electrolyte concentration was beneficial to reducing the 
surface roughness, Fig. 4.15(a). Comparatively, both the current density and treatment 
time were beneficial to the plasma discharge, thus the roughness increased with the two 
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factors, Fig. 4.15(b) and (c). 
The main effects of the process parameters on the COF tested under the normal load 2N 
at 20 °C are exhibited in Fig. 4.16. The COF decreased with the electrolyte 
concentration (A) but increased with the current density (B) and treatment time (D). 
Based on the discussion about Fig. 4.9, COF increased with the coating roughness due 
to the reduced lubricant effect. Since the coating roughness decreased with the 
electrolyte concentration and increased with the current density and the treatment time, 
the effects of the three factors on cl were probably owing to the change in the surface 
roughness. 
The main effects of the process parameters on the COF tested under the normal load 5N 
at 20 °C are exhibited in Fig. 4.17. The COF also decreased with the electrolyte 
concentration (A) but increased with the current density (B) and treatment time (D). 
The main effects of the process parameters were also attributed to the change in the 
surface roughness. The interaction effect of the electrolyte concentration and current 
density is presented in Fig. 4.18(a). The relative flat response surface indicated that the 
interaction were not intensive. It was found that the COF under 5N increased the 
current density and decreased with increasing electrolyte concentration. According to 
equation 4.7, the surface roughness also increased with the current density and 
decreased with the electrolyte concentration. Thus, the electrolyte concentration and 
current density affected the COF under 5N by changing the surface roughness, which 
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influenced the oil film thickness. 
The effect of the current density and treatment time on the COF under 5N is shown in 
Fig. 4.18(b). When the current density (B) was low, the COF under 5N increased with 
the treatment time (D) due to the increasing surface roughness. However, when the 
current density was high, the COF was found to decrease with the increasing treatment 
time. With the high current density, the plasma discharge was intensive, making the 
coating porous, for example coatings S3 and S7, Fig. 4.1(3) and (7). Due to the porous 
microstructure, the coatings were subject to be peel-off or cracked under the normal 
load 5N, Fig. 4.8(e) and (h). As the treatment time increasing, the coatings were melted 
due to the high temperature generated by the strong plasma discharge [78, 79]. As a 
result, the dense layer formed underneath the porous top layer of the coatings, 
increasing the load-bearing capability of the coatings. Therefore, the COF decreased 
with the increasing treatment time when the current density was high. 
99 
o 
o 
o 
CN 
CM 
L _ 0 
T3 
C 
3 
LL 
O 
o 
5.00 7.00 9.00 11.00 13.00 15.00 
Electrolyte concentration (g/l) 
0.02 0.04 0.06 0.08 0.10 
Current density (A/cm ) 
5.00 7.00 9.00 11.00 13.00 
Treatment time (min) 
15.00 
Fig. 4.16 Main effects of (a) electrolyte concentration, (b) current density and (c) 
treatment time on COF under 2N at 20 °C 
O 
o 
O o 
CM c 
0 
T3 
O O 
5.00 7.00 9.00 11.00 13.00 15.00 0.02 0.04 0.06 0.08 0.10 
Electrolyte concentration (g/l) Current density (A/cm ) 
o 
o I. J 
CM 
•*—> CO 
7 
i n 
L_ 
0) 
-n 
r 
^ 
LL 
O 
n 
oo 
CM-
o 
J I 
o 
1 
CO 
(c) 
» 
i in, n 
o 
&
 —^~~~~^ 
S 
a 
5.00 15.00 7.00 9.00 11.00 13.00 
Treatment time (mm) 
Fig. 4.17 Main effects of (a) electrolyte concentration, (b) current density and (c) 
treatment time on COF under 5N at 20 °C 
100 
<a) 3 
Current density 
Current frequency=1000 Hz 
Treatment time=10 min 
A AElectrolyte concentration 
O 
O D D 
Treatment time 
Electrolyte concentration 
=10 g/l 
Current frequency=1000 Hz 
Current density 
Fig. 4.18 Three D response surface of the COF under 5N at 20 °C against (a) 
electrolyte concentration and current density, (b) current density and treatment time 
4.3.3 Multi-objective optimization 
The PEO process needs to be optimized to obtain the optimal coating possessing 
sufficient coating thickness, appropriate surface roughness (Ra -0.2-0.3 urn) and low 
COF for the wear protection of the engine cylinder bore. In order to do so, the 
multi-objective optimization was performed by the Design-Expert software to 
maximize the coating thickness, minimize the COF under both normal loads and limit 
the surface roughness in the range of 0.2 to 0.3 urn (eliminating the honing process). 
A desirability function, listed in equation (4.22), was used to decide the optimal 
solution when the function was maximized. 
D = (d} xd2 x...xdn) \ln (4.14) 
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where d, (i=l...n) is the desirable ranges of each response; n is the number of 
responses needs to be optimized. The value of d, was determined by the criterion in 
Table 4.7. The optimal solution is listed in Table 4.8 with the predicted responses of 
thickness, surface roughness and COF at the normal loads of 2N and 5N. 
Table 4.7 Determination of d! 
Maximization 
Minimization 
In range 
d, 
d, 
d, 
0 
(0,1) 
1 
1 
(0,1) 
0 
0 
1 
0 
response < low value 
response varies from low to high 
response > high value 
response < low value 
response varies from low to high 
response > high value 
response < low value 
response varies from low to high 
response > high value 
Table 4.8 Predicted and actual responses of the PEO coating (Pl) produced with the 
optimal process parameters 
Optimal 
process parameters 
Predicted responses 
Actual responses 
Electrolyte 
concentration 
(g/1) 
15 
Thickness 
(urn) 
4.3 
Thickness 
(urn) 
4.8 
Current 
density 
(A/cm2) 
0.02 
Roughness 
(Lim) 
0.3 
Roughness 
(um) 
0.3 
Frequency 
(Hz) 
50 
COF 
under 2N 
0.15 
COF 
under 2N 
0.14 
Treatment 
time 
(min) 
10 
COF 
under 5N 
0.16 
COF 
under 5N 
0.16 
Fig. 4.19 shows the micrographs of the PEO coating Pl produced with the optimal 
solution. Donut-shape projections were found on the coating surface, Fig. 4.19(a). The 
porosities in the center of the projections were believed to act as the oil reservoir during 
the wear tests. The coating thickness was measured from the cross-sectional SEM 
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micrograph, Fig. 4.19(b). Sliding wear tests were also conducted to the optimal coating 
with normal loads 2N and 5N, individually, under the starved lubrication condition at 
room temperature. The wear track under the normal load 2N was undetectable, so only 
the wear track under 5N is listed, Fig. 4.19(c). Slight abrasive grooves were observed. 
The COF of the tests are listed in Table 4.8 with the measured coating thickness and 
surface roughness. The predicted responses were very close to the actual responses. The 
optimal coating Pl exhibited higher COF than the reference materials Alusil and cast 
iron under the normal load 2N. But as the normal load increased to 5N, due to the 
failure of the Si particles, the Alusil exhibited much higher COF than the optimal PEO 
coating. Owing to the additional lubrication from the graphite flakes, the cast iron 
showed lower COF than the optimal PEO coating. 
IDnm 
Fig. 4.19 SEM micrographs of the optimal coating: (a) Surface morphologies. The 
insert in (a) is the magnified micrograph. 
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Fig. 4.19 SEM micrographs of the optimal coating: (a) Surface morphologies; (b) 
cross-section and (c) wear track under 5N normal load. The insert in (a) is the 
magnified micrograph 
4.4 Summary 
1) Using the response surface method, the effects of the process parameters and their 
interactions (electrolyte concentration, current density, current frequency and 
treatment time) on the coating surface morphologies, thickness, roughness and 
wear properties at room temperature were analyzed. Some parameters were not 
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significant factors, especially the current frequency. 
2) The coatings were composed of MgAl204 and MgO phases. Thick PEO coatings 
on Mg AJ62 alloy had a porous top layer and a dense bottom layer. The top layer 
had nano-grains of 100-200 nm in size. The dense layer had two interlayers. The 
upper one had unconnected porosities, and the inner one next to the substrate, 
having a thickness of ~400nm, was porosity free and composed of nano-grains 
with the grain size of 10-20 nm in size. The nano-crystalline structure was 
beneficial to improving the load bearing ability of the coatings. 
3) PEO coatings showed a much higher wear resistance and lower COF than the 
uncoated AJ62 Mg alloy. 
4) The PEO process was optimized by the software Design-Expert according to the 
desirability function. The optimal coating exhibited higher COF than the reference 
materials Alusil and cast iron under the normal load 2N. For Alusil, the hard Si 
particles effectively protected the soft Al matrix under the low load (2N). But as 
the normal load increased to 5N, due to the failure of the Si particles, the Alusil 
exhibited much higher COF than the optimal PEO coating. The graphite flakes in 
the cast iron acted as solid lubricant, therefore, the cast iron showed lower COF 
than the optimal PEO coating. Under the normal load 2N, the wear rates of the 
optimal coating, Alusil and cast iron were almost neglectable. Under 5N, the wear 
rates of the optimal coating and cast iron were much lower than that of the Alusil. 
CHAPTER 5 INFLUENCE OF THE PLASMA 
ELECTROLYTIC OXIDATION (PEO) PROCESS 
PARAMETERS ON THE WEAR PROPERTIES OF 
THE COATINGS ON THE Mg AJ62 ALLOY AT 
THE ELEVATED TEMPERATURE 
When applying the PEO coatings on the cylinder bore, the coatings have to endure the 
wear attack at the engine block operating temperature (approx. 150 °C). Therefore, it 
was necessary to investigate the wear properties of the PEO coatings at the elevated 
temperature via the sliding wear tests. Additionally, since most of the wear loss of the 
engine cylinders were caused by the lack of the lubrication, the wear tests were 
conducted under the starved lubrication condition. Due to the elevated temperature, 
the Mg substrates underneath the PEO coatings were prone to be softened. Also, the 
lubricant oil applied to the coatings before the wear tests were likely vaporized. These 
two factors might deteriorate the wear properties of the PEO coatings. Therefore, in 
this chapter, the effects of the PEO process parameters on the wear properties of the 
coatings measured at the elevated temperature were also studied via the response 
surface method. The influence of the elevated temperature on the wear properties of 
the coatings was discussed. 
5.1 Wear testing results at the elevated temperature 
Fig. 5.1 shows the SEM micrographs of the detectable wear tracks on the testing 
samples after the wear tests under the normal load 2N at the 150 °C. Slightly abrasive 
scratches were detected on the Alusil sample, Fig. 5.1(a). Some Si particles were 
found to be sinking-in after the wear test. As the temperature increased, the Al matrix 
was subject to be softened, easily deformed under the contact stress during the wear 
test. Thus, the Si particles protruding from the Al matrix before the wear test were 
more likely to be sinking-in during the wear test (the insert of Fig. 5.1(a)), resulting in 
the direct contact between the soft Al matrix and the steel counter ball. Therefore, 
compared with the wear track after the wear test at room temperature (Fig. 4.7(b)), the 
wear track after the wear test at the elevated temperature was much wider. Slight 
grooves were also found on the wear tracks of coatings S2 and S6, Fig. 5.1(b) and (d). 
Severe material removal was detected on sample S3, Fig. 5.1(c). Inside the wear track, 
the coating was almost completely worn out. Grooves were also found on the exposed 
substrate. Coatings S7, S9 and S17 were found to be locally peeled off, Fig. 5.1(e), (f) 
and (g), individually. The wear tracks on other samples were too slight to be found. 
Fig. 5.2 presents the SEM micrographs showing the wear tracks of the testing samples 
after the wear tests under the normal load 5N at the 150 °C. Due to the softening of 
the Al matrix, the Si particles within the wear track were sinking-in and covered by 
the deformed Al matrix, Fig. 5.2(a). Abrasive grooves were found inside the wear 
track of the cast iron, Fig. 5.2(b). For coating SI, the presence of Fe and O in the 
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EDX spectra implied the material transfer from the counter steel ball during the wear 
test due to the adhesion (lack of lubrication), Fig. 5.2(c). For coatings S2, S6, S14, 
S19 and S23, the low content of O and Al in the spectra indicated that the flakes of the 
oxides locally peeled off from the substrate, Fig. 5.2(d), (g), (n), (q) and (r), 
respectively. Due to the porous microstructure (Fig. 4.1(3), (7), (9), (13) and (17)), 
coatings S3, S7, S9, S13 and S17 were almost completely removed within the wear 
tracks, Fig. 5.2(e), (h), (j), (m) and (o), individually. Especially, for coatings S3, S13 
and SI7, abrasive grooves were clearly observed on the exposed Mg substrates. A 
deep groove was detected at the center of the wear track of coating S5, Fig. 5.2(f). 
Within the groove, the coating was cracked. As a result, the substrate was exposed. 
Chipping was detected on coatings S8, SIO and S12, Fig. 5.2(i), (k) and (1). The high 
contents of O Al, and Mg implied that the oxide coating was only partly removed, 
(a) Alusil 
WT 
100um ,,_. _ tfj |20um— 
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Fig. 5.1 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load 2N at 150 °C: (a) Alusil; the arrows 
indicating the outline of the wear tracks 
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Fig. 5.1 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load 2N at 150 °C: (b) S2, (c) S3, (d) S6; 
the arrows indicating the outline of the wear tracks (continued) 
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Fig. 5.1 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load 2N at 150 °C: (a) Alusil (b) S2, (c) 
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Fig. 5.2 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load 5N at 150 °C: (a) Alusil (b) cast iron, 
(c) S1; the arrows indicating the outline of the wear tracks 
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Fig. 5.2 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load 5N at 150 °C: (d) S2, (e) S3, (f) S5; 
the arrows indicating the outline of the wear tracks (continued) 
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Fig. 5.2 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load 5N at 150 °C: (g) S6, (h) S7, (i) S8; 
the arrows indicating the outline of the wear tracks (continued) 
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Fig. 5.2 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load 5N at 150 °C: (j) S9, (k) S10, (1) SI2; 
the arrows indicating the outline of the wear tracks (continued) 
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Fig. 5.2 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load 5N at 150 °C: (o) SI7, (p) SI8, (q) 
SI9; the arrows indicating the outline of the wear tracks (continued) 
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Fig. 5.2 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load 5N at 150 °C: (a) Alusil (b) cast iron, 
(c) SI, (d) S2, (e) S3, (f) S5, (g) S6, (h) S7, (i) S8, (j) S9, (k) S10, (1) S12, (m) S13, (n) 
S14, (o) SI7, (p) SI8, (q) S19 and (r) S23; the arrows indicating the outline of the 
wear tracks 
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Fig 5.3 illustrates the SEM micrographs of the wear tracks of the testing samples 
sliding against the steel balls under the normal load ION at the 150 °C. Severe 
material removal was observed on the Alusil sample, Fig. 5.3(1). The fragments of the 
hard Si particles were found. Abrasion, adhesion and fatigue cracks along the flakes of 
the graphite were detected on the cast iron sample, Fig. 5.3(2). All the PEO coatings 
were worn out or peeled off except coatings Sl l , S12, S15, S16 and S24, Fig. 5.2 
(3-31). Localized chippings were found on coatings S12, S15, S16 and S24. For 
coating S l l , no noticeable wear track could be observed. 
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Fig. 5.3 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load ION at 150 °C: (1) Alusil (2); the 
arrows indicating the outline of the wear tracks 
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Fig. 5.3 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load ION at 150 °C: (2) cast iron, (3) SI, 
(4) S2; the arrows indicating the outline of the wear tracks (continued) 
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Fig. 5.3 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load ION at 150 °C: (5) S3, (6) S4, (7) S5; 
the arrows indicating the outline of the wear tracks (continued) 
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Fig. 5.3 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load ION at 150 °C: (8) S6, (9) S7, (10) 
S8; the arrows indicating the outline of the wear tracks (continued) 
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Fig. 5.3 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load ION at 150 °C: (11) S9, (12) SIO, 
(13) SI 2; the arrows indicating the outline of the wear tracks (continued) 
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Fig. 5.3 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load ION at 150 °C: (14) S13, (15) S14, 
(16) SI 50; the arrows indicating the outline of the wear tracks (continued) 
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Fig. 5.3 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load ION at 150 °C: (17) S16, (18) S17, 
(19) SI 8; the arrows indicating the outline of the wear tracks (continued) 
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Fig. 5.3 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load ION at 150 °C: (20) SI9, (21) S20, 
(22) S21; the arrows indicating the outline of the wear tracks (continued) 
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Fig. 5.3 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load ION at 150 °C: (23) S22, (24) S23, 
(25) S24; the arrows indicating the outline of the wear tracks (continued) 
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Fig. 5.3 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load ION at 150 °C: (26) S25, (27) S26, 
(28) S27; the arrows indicating the outline of the wear tracks (continued) 
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Fig. 5.3 SEM micrographs showing the detectable wear tracks on the testing samples 
after the sliding wear tests under the normal load ION at 150 °C: (1) Alusil (2) cast 
iron, (3) SI, (4) S2, (5) S3, (6) S4, (7) S5, (8) S6, (9) S7, (10) S8, (11) S9, (12) SIO, 
(13) S12, (14) S13, (15) S14, (16) S15, (17) S16, (18) S17, (19) S18, (20) S19, (21) 
S20, (22) S21, (23) S22, (24) S23, (25) S24, (26) S25, (27) S26, (28) S27, (29) S28, 
(30) S29 and (31) S30; the arrows indicating the outline of the wear tracks 
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Fig. 5.4 shows the effects of the coating thickness and surface roughness on the COF 
of the PEO coatings under the normal load 2N. The COF increased with the surface 
roughness and coating thickness, Fig. 5.4(a) and (b), except for coating S3. As 
discussed in Chapter 4, under the starved lubrication condition, the COF increased 
with the severity of asperity interactions. As the surface roughness increased, more 
asperities of the two wear surfaces directly contacted. Thus, the COF increased with 
the surface roughness due to the reduced effect of the lubricant. The effect of the 
coating thickness on the COF tested under the normal load 2N might be also attributed 
to the reduced lubrication condition since the surface roughness increased with the 
coating thickness. The porous microstructure of coating S3 facilitated the initialization 
and propagation of the cracks, causing it to be easily peeled off. After the removal of the 
coating, the Mg substrate wore against the steel ball, leading to an exceptionally high 
COF. Due to the protection of the precipitated Si particles, the Alusil exhibited a lower 
COF than the PEO coatings. The flakes of the graphite in the cast iron acted as the solid 
lubricant during the wear test, causing the lowest COF among all testing samples. 
Fig. 5.5 presents the effects of the the surface roughness and coating thickness on the 
COF tested under the normal load 5N at 150 °C. The COF of the PEO coatings 
slightly increased with the surface roughness and the coating thickness, Fig. 5.5(a) 
and (b), individually, except for the failed coatings S3, S7, S9, S13, S17 and S23, 
which were locally peeled off or completely worn out according to the observation of 
the wear tracks, Fig. 5.2(e), (h), (j), (m), (o) and (r). For the unfailed coatings, the 
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effects of the surface roughness and coating thickness on the COF under the normal 
load 5N was also possibly caused by the reduced lubrication condition. Due to the 
lubrication from the graphite, cast iron exhibited the lowest COF among all testing 
samples. Under the normal load 5N, the Al matrix experienced large plastic 
deformation and failed to support the Si particles, causing the Si particles to be 
sinking-in, Fig. 5.2 (a). Therefore, the Al matrix slid against the steel ball, leading to 
the high COF. 
Fig. 5.6 reveals the influence of the surface roughness and coating thickness on the 
COF tested under the normal load ION at 150 °C. Different from the observations of 
Fig. 5.4 and 5.5, the coatings Sl l , S12, S15, S16 and S24 with surface roughness 
more than 1.2 Lim and thickness more than 15 Lim had smaller COF than coatings with 
lower surface roughness and thickness. According to the SEM micrographs of the 
wear tracks, Fig. 5.3, all PEO coatings failed except for coatings S l l , S12, S15, S16 
and S24. For the failed coatings, during the sliding wear tests, due to the insufficient 
coating thickness, under the high contact stress, plastic deformation occurred in the 
substrate underneath the coatings. Therefore, the coatings were easily to be broken or 
peeled off, observed by the SEM micrographs of the wear tracks in Fig. 5.3. As a 
result, after the coatings were worn out, the steel ball ploughed into the soft Mg 
substrate, causing severe material removal and high friction. The unfailed coatings 
Sl l , SI2, SI5, S16 and S24 with enough load-bearing abilities owing to the high 
coating thickness exhibited lower COF than the two reference materials, Alusil and 
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cast iron. For the cast iron, the fatigue cracks initialized along the flakes of the 
graphite reduced the lubricant effect of the graphite. At the elevated temperature, the 
lubricant oil was likely to be vaporized. Therefore, during the wear test, the iron slid 
against the steel, promoting the adhesive wear. As a result, the cast iron showed a high 
COF. 
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Fig. 5.4 Effects of (a) the surface roughness and (b) coating thickness on the COF 
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5.2 Effect of the elevated temperature on the wear properties of the PEO coatings 
Due to the elevated temperature, during the wear tests, the Mg substrates underneath 
the PEO coatings were likely to be softened. As Fig. 5.7 (a) and (b) showed, the 
hardness of PEO coatings measured at the elevated temperature was lower than that 
measured at room temperature, especially for coatings with low thickness. The change 
in the hardness was almost insignificant when the coating thickness was more than 12 
Lim. For coatings with low thickness, due to the substrate softening, during the 
hardness test, more plastic deformation occurred in the substrate, causing the coating 
more easily to be broken. As a result, the hardness decreased at the elevated 
temperature. However, when the coating was thick enough, the substrate was almost 
free of plastic deformation due to the sufficient load bearing capability of the coating. 
Therefore, although the substrate was softened, the temperature effect on the hardness 
of the coatings was inconsiderable. Similarly, during the wear tests, the softening of 
the substrate caused more deformation to the substrate, making coatings broken or 
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peel off more easily, especially when the coatings had porous microstructure or low 
thickness. This factor obviously contributed to the considerably increased wear rates 
of some coatings when the temperature was elevated. 
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Fig. 5.8 shows the wear rates of the PEO coatings after the wear tests conducted at 
different conditions. Under the normal load 2N, as the temperature increased, more 
coatings with the porous microstructure failed and showed the higher wear rates than 
the rest coatings, Fig. 5.8(a) and (b). Under the normal load 5N, at the elevated 
temperature, besides the coatings with the porous microstructure, coatings with low 
coating thickness (S2, S5 and S6) also failed and showed the higher wear rates than 
the unfailed coatings, Fig. 5.8(c) and (d). It was seemed that the effect of the substrate 
softening was more significant as the normal loads increased. Under the normal load 
ION, the wear rates were found to decrease with the increasing thickness, Fig. 5.8(e). 
When the thickness was more than 15 Lim, the wear rates were neglectible due to the 
sufficient load-bearing capability. It was likely that the effect of the substrate 
softening was suppressed with the increasing coating thickness. Due to the excessive 
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contact stress and the softened substrate, coatings with thickness less than 15 Lim 
failed by peeling off or abrasion and exhibited high wear rates. 
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Additionally, at the elevated temperature, the lubricant oil applied to the coatings 
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before the wear tests were likely to be vaporized. Vaporization of the lubricant oil 
resulted in the increased friction, which was more easily to be identified by the risen 
COF of the un-failed coatings. Fig. 5.9 shows the increase in COF due to the elevated 
temperature under the normal load 2N against surface roughness and coating 
thickness. It was found that the increase in COF was independent of the surface 
roughness and coating thickness, Fig. 5.9 (a) and (b), implying that the effect of the 
lubricant loss was more dominant than the effect of the softening substrate. Under the 
normal load 5N, the degree of the increase in COF due to the elevated temperature 
decreased with the increasing surface roughness and coating thickness, Fig. 5.10(a) 
and (b). Since the thickness was related to the load bearing capability of the coatings, 
the dependence of the increase in COF on the coating thickness indicated that the 
effect of the lubricant loss was reduced and the effect of the substrate softening was 
more significant. 
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5.3 Optimization of the PEO process for the wear protection at the elevated 
temperature 
5.3.1 Fitting the response surfaces 
In order to apply the PEO coatings on the cylinder bore application for wear protection,, 
the PEO process needs to be optimized. The optimized PEO coating should have low 
COF (emission and fuel efficiency), low wear rate (durability), high coating thickness 
(load-bearing capability) and low surface roughness (honing-free) at the engine 
operating temperature (approx. 150 °C). 
Using the Expert-Design software, in Chapter 4, the response surfaces of the coating 
thickness and surface roughness were established. In this chapter, the response surfaces 
of the COF under the normal loads of 2N, 5N and ION and wear rate under ION at the 
150 °C were fitted to analyze the effects of the PEO main process parameters 
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(electrolyte concentration, current density, current frequency and PEO treatment time). 
The ANOVA results of the above four responses are listed in Tables 5.1, 5.2, 5.3 and 5.4. 
All the models had no significant lack of fit. The high values of R , Adjusted R and 
predicted R2 indicated that all models fitted the experimental data well. The 
electrolyte concentration (A) and current density (B) with their p-values less than 0.05 
were significant factors for the COF under 2N. An insignificant term D, treatment time, 
was included in the model of the COF under 5N at 150 °C, due to the existence of the 
significant term BD, which was the factor interaction between the current density and 
treatment. The other two significant terms of this response were the electrolyte 
concentration and current density. The current density and treatment time were 
significant factors for both the COF and wear rate under ION at 150 °C. 
Table 5.1 ANOVAresults of the COF under 2N at 150 °C 
Source 
Model 
A 
B 
Residual 
Lack of Fit 
Pure Error 
Cor Total 
R2 
Adjusted R2 
Predicted R2 
Sum of Squares 
0.029341 
0.001846 
0.027495 
0.010356 
0.009743 
0.000613 
0.039697 
0.739126 
0.719802 
0.667169 
df 
2 
1 
1 
27 
22 
5 
29 
Mean Square 
0.014671 
0.001846 
0.027495 
0.000384 
0.000443 
0.000123 
F Value 
38.24907 
4.813606 
71.68453 
3.611103 
p-value Prob > F 
< 0.0001 
0.0370 
< 0.0001 
0.0792 
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Table 5.2 ANOVA results of the COF under 5N at 150 °C 
Source 
Model 
A 
B 
D 
BD 
Residual 
Lack of Fit 
Pure Error 
Cor Total 
R2 
Adjusted R2 
Predicted R2 
Sum of Squares 
873.9675 
271.7108 
351.5832 
20.06255 
230.6109 
400.4326 
371.5937 
28.83884 
1274.4 
0.685787 
0.635513 
0.470554 
df 
4 
1 
1 
1 
1 
25 
20 
5 
29 
Mean Square 
218.4919 
271.7108 
351.5832 
20.06255 
230.6109 
16.0173 
18.57969 
5.767767 
F Value 
13.64099 
16.96358 
21.95021 
1.252555 
14.39761 
3.221296 
p-value Prob > F 
< 0.0001 
0.0004 
< 0.0001 
0.2737 
0.0008 
0.0991 
Table 5.3 ANOVA results of the COF under ION at 150 °C 
Source 
Model 
B 
D 
BD 
Residual 
Lack of Fit 
Pure Error 
Cor Total 
R2 
Adjusted R2 
Predicted R2 
Sum of Squares 
0.072581 
0.04236 
0.022877 
0.007344 
0.020475 
0.017432 
0.003043 
0.093056 
0.77997 
0.754582 
0.699337 
df 
3 
1 
1 
1 
26 
21 
5 
29 
Mean Square 
0.024194 
0.04236 
0.022877 
0.007344 
0.000788 
0.00083 
0.000609 
F Value 
30.72195 
53.79006 
29.0495 
9.326287 
1.364059 
p-value Prob > F 
< 0.0001 
< 0.0001 
< 0.0001 
0.0052 
0.3932 
Table 5.4 ANOVA results of the wear rate under ION at 150 °C 
Source 
Model 
B 
D 
BD 
Residual 
Lack of Fit 
Pure Error 
Cor Total 
R2 
Adjusted R2 
Predicted R2 
Sum of Squares 
669.1731 
337.8565 
245.4287 
85.88787 
90.8651 
84.24014 
6.62496 
760.0382 
0.880447 
0.866652 
0.844545 
df 
3 
1 
1 
1 
26 
21 
5 
29 
Mean Square 
223.0577 
337.8565 
245.4287 
85.88787 
3.494812 
4.011435 
1.324992 
F Value 
63.82538 
96.67373 
70.22659 
24.57582 
3.027516 
p-value Prob > F 
< 0.0001 
< 0.0001 
< 0.0001 
< 0.0001 
0.1111 
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The residual analysis results of the four responses are listed in Fig. 5.11. InFig. 5.11(a), 
the data of S3 relatively deviated from the straight line. Under the normal load 2N at the 
elevated temperature, coating S3 showed the much higher COF than other samples due 
to the peeling off of the oxide within the wear track. Thus, the model cannot accurately 
fit the data of coating S3, but the data of other coatings were close to the straight line. 
The residuals of other responses followed the normal distribution very well. 
The response surfaces of the above four responses are listed as followings: 
COFunder2Natl50°C 
= 0.1 -0.002 * electrolyte concentration +1.0 * current density (5.1) 
COFunder5Natl50°C 
= (30.3 + 0.8 * electrolyte concentration - 300 * current density 
-1.3 * treatment time + 18.9* current density * treatment time)"1'2 (5.2) 
COF under ION at 150 °C 
= 0 .4-0 .1* current density - 0.001 * treatment time 
-0.1 *current density * treatment time (5.3) 
Wearrateunderl0Natl50 °C 
= (18.2 +1.8 * current density - 0.08 * treatment time 
-11.2 * current density * treatment time)2 (5.4) 
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Since the wear tracks of coatings S25-S30 (central points to estimate the amount of 
variation (SSPE)) were undetectable under the normal loads 2N and 5N, the models of 
the wear rates under the two conditions could not be obtained. 
5.3.2 Effect of the PEO process parameters on the responses 
As mentioned in Chapter 4, the suppression effect of the current frequency (C) on the 
plasma discharge was not significant, because the selected levels of the current density 
and treatment time in this research were not sufficient to cause the plasma discharge 
destructive. Thus, the current frequency was not included in the responses in this 
chapter, as equations 5.1-5.4 shown. 
139 
The main effects on the COF under the normal load 2N at 150 °C are presented in Fig. 
5.12. The COF decreased with the electrolyte concentration (A) and increased with the 
current density (B). From Fig. 5.4(a), it was found that due to the increased severity of 
the asperity interactions (A,), the COF rose with the surface roughness. And the surface 
roughness was changed by the electrolyte concentration, current density (B) and 
treatment time (D) in the same direction as the COF. Therefore, the main effects of the 
two factors on the COF were probably owing to the change in the surface roughness. 
5.00 7.00 9.00 11.00 13.00 15.00 
Electrolyte concentration (g/l) 
0.02 0.04 0.06 0.08 0.10 
Current density (A/cm ) 
Fig. 5.12 Main effects of (a) electrolyte concentration and (b) current density on COF 
under 2N at 150 °C 
The main effects on the COF under the normal load 5N atl 50 °C are shown in Fig. 5.13. 
The COF was found to decrease with the increasing electrolyte concentration (A), Fig. 
5.13(a). The low electrolyte concentration was favorable to obtain the low roughness 
(equation 4.7), which increased the lubrication effect during the wear test. 
Comparatively, the COF increased with the current density (B). The main effect of the 
treatment time (D) on the COF was not significant, Fig. 5.13(c), consistent with the 
ANOVA result in Table 5.2. 
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The interactive effect of the current density and treatment time on the COF under the 
normal load 5N at 150 °C is shown in Fig. 5.14. When the current density (B) was at 
low level, the COF rose with the treatment time (D) due to the increased surface 
roughness. However, when the current density was high, the COF was found to 
decrease with the increasing treatment time. The coating became porous when the 
current density was high due to the intensive plasma discharge, for example coatings S3 
and S7, Fig. 4.1(3) and (7). The porous microstructure caused the coatings to be easily 
peel-off or cracked under the normal load 5N, Fig. 5.2(f) and (h). As the treatment time 
increasing, the dense layer formed underneath the porous top layer of the coatings, 
improving the load-bearing capability of the coatings. Therefore, the under 5N atl50 °C 
decreased with the increasing treatment time when the current density was high. 
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Fig. 5.14 Three D response surface of the COF under 5N at 150 °C against current 
density and treatment time 
The main effects on the COF under the normal load ION at 150 °C are presented in Fig. 
5.15. The COF decreased with the current density (B) and treatment time (D) due to the 
increased coating thickness. The interactive effect of the current density and treatment 
time on the COF is shown in Fig. 5.16. Since the coating thickness was significantly 
affected by the current density according to equation (4.6), with the low current density, 
the thickness was low and slightly increased with the treatment time. Therefore, under 
then normal load ION, the thin coatings peeled off or broken. After the failure of the 
coatings, the substrate wore against the steel balls, leading to the similarly high COF. 
Thus, with the low current density, the COF was almost independent of the treatment 
time. With the high current density, the coating thickness increased rapidly with the 
treatment time. Thus, the high load bearing capability made the thick coatings 
withstand the excessive high contact stress during the wear tests, leading to the low 
COF. Therefore, the COF was noticeable decreased with the treatment time at the 
condition of the high current density. 
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Like the COF under the normal load ION at 150 °C, the corresponding wear rate was 
also controlled by the coating thickness, Fig. 5.8(e). Thus, the main effects of the 
current density and treatment time were favorable to reduce the wear rate, Fig. 5.17. 
The interactive effect between the current density and treatment time is shown in Fig. 
5.18. At the condition of the low current density, due to the low thickness, the coatings 
were all worn out. Then the exposed substrates slid against the steel balls and 
experienced considerable material removal during the wear tests. Thus, the thin 
coatings showed similarly high wear rates, Fig. 5.18. When the current density was 
high, the thickness significantly increased with the treatment time. The high thickness 
provided the coatings sufficient load bearing ability to withstand the high contact stress. 
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Thus, the wear rate greatly relied on the thickness. As a result, the wear rate noticeably 
deceased with the treatment time at high current density level. 
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5.3.3 Multi-objective optimization 
As described in section 4.3.3, the desirability function was used to obtain the optimal 
solution for the following multi-objectives: maximal thickness, proper surface 
roughness (0.2-0.3 Lim), minimal COF under the normal loads 2N, 5N and ION. The 
optimal solution is listed in Table 5.5. 
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Table 5.5 Optimized PEO process parameter at 150 °C 
Electrolyte 
concentration 
(g/1) 
15 
Current 
density 
(A/cm2) 
0.02 
Frequency 
(Hz) 
50 
Treatment time 
(min) 
10.3 
Table 5.6 Predicted response of the optimal coating at 150 °C 
Thickness 
(Mm) 
3.9 
Roughness 
(um) 
0.3 
COF 
under 2N 
0.15 
COF 
under 5N 
0.19 
COF 
under ION 
0.42 
k 
(10"6mm3/Nm) 
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The optimal coating Tl exhibited an unacceptable anti-wear performance under the 
normal load ION, Table 5.6. Since the surface roughness increased with the coating 
thickness, the requirement of the roughness limited the thickness of the optimal 
coating. However, to ensure the coating can survive under the high contact stress at 
the elevated temperature, a high thickness was necessary to provide enough 
load-bearing capability. Therefore, to obtain the satisfied anti-wear performance under 
ION, the roughness requirement must be relaxed or removed. But before applying the 
optimal coating to the engine bore, the coating must be polished to reduce the 
roughness within the requirement. To investigate the possibility of the polishing, 
coatings Sll and SI5, the two thickest coatings among the testing samples, were 
hand-polished with Grit 2000 SiC sand paper until the roughness within 0.2-03 Lim. 
Fig. 5.19 shows the SEM micrographs of the polished coatings. Compared with the 
morphologies of the coatings before polishing, after polishing, the curly projections 
were polished away and resulted in smooth surfaces, Fig. 5.19 (a) and (b). Due to the 
sufficient load bearing capability, the wear tracks of the two polished coatings under 
the normal loads 2N, 5N and ION at the elevated temperature were too shallow to be 
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detectable. Table 5.7 shows the values of COF of the two coatings before and after 
polishing, along with the two reference materials Alusil and cast iron. The two 
polished coatings showed much lower COF than the unpolished coatings. Under the 
normal load 2N, the two polished coatings had a slightly higher COF than the two 
reference materials. But as the testing load increased, the polished coatings exhibited 
lower COF. Therefore, after the polishing process, the optimal coating T2 without the 
surface roughness requirement during the optimization process was expected to have 
satisfied anti-wear performance under the normal load ION. Table 5.8 lists the optimal 
process parameters for T2 without the roughness limit. Fig. 5.20(a) shows the surface 
morphology of the optimal coating T2 with the thickness around 18 um measured 
from the cross-sectional SEM micrograph (Fig. 5.20(b)). Before polishing, the coating 
T2 exhibited the responses close to the predicted values (Table 5.9). Compared with 
coating Tl, coating T2 showed the better wear properties under the normal load ION 
due to the higher thickness, but higher COF under the normal load 2N and 5N because 
of the higher roughness. After polishing, the large nodular projections, observed in Fig. 
5.20(a), were removed. And a much smoother layer was exposed, Fig. 5.20(c). The 
polished coating T2* had a thickness about 13 Lim according to the measurement of 
the cross-sectional SEM micrograph (Fig. 5.20(d)). The tribological properties of the 
polished coating T2*, listed in Table 5.8, were much better than coatings Tl and T2, 
even superior to those of the reference materials under the normal loads 5N and ION, 
only slightly higher under the normal load 2N. Therefore, with the simple polishing 
process, the optimal PEO coating showed a promising potential to be used to protect 
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the cylinder bore against the wear attack due to its excellence wear properties. 
Table 5.7 COF of the polished and unpolished coatings Sll and S15 
Samples 
S l l 
S l l * 
S15 
S15* 
Alusil 
cast iron 
Normal loads 
2N 
0.24 
0.13 
0.24 
0.13 
0.12 
0.1 
5N 
0.24 
0.14 
0.25 
0.15 
0.31 
0.15 
ION 
0.25 
0.16 
0.27 
0.16 
0.37 
0.32 
Table 5.8 Optimal process parameters without roughness requirement 
Electrolyte 
concentration 
(g/1) 
10 
Current 
density 
(A/cm2) 
0.09 
Frequency 
(Hz) 
50 
Treatment time 
(min) 
15 
Table 5.9 Responses of the optimal coating T2 
Predicated 
response 
T2 
T2* 
Thickness 
(ujn) 
19 
Thickness 
(Lim) 
17 
Thickness 
(Lim) 
13 
COF 
under 2N 
0.23 
COF 
under 2N 
0.25 
COF 
under 2N 
0.13 
COF 
under 5N 
0.24 
COF 
under 5N 
0.27 
COF 
under 5N 
0.14 
COF 
under ION 
0.27 
COF 
under ION 
0.27 
COF 
under ION 
0.16 
k 
(10"6mm3/Nm) 
0.26 
k 
(10"6mm3/Nm) 
0 
k 
(10"6mm3/Nm) 
0 
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(b) 
|50um 19»m — 
Fig. 5.19 SEM micrographs of the polished coatings (a) Sll* and (b) S15* 
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50um 
(b) 
ilOum 
(C) 
50nm 10 Lim 
Fig. 5.20 SEM micrographs of (a) the surface morphology of the unpolished coating 
T2; (b) the cross-sectional microstructure of T2; (c) the surface morphology of the 
polished coating T2* 
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Fig. 5.20 SEM micrographs of (a) the surface morphology of the unpolished coating 
T2; (b) the cross-sectional microstructure of T2; (c) the surface morphology of the 
polished coating T2* and (d) the cross-sectional microstructure of T2* 
5.4 Summary 
1) The anti-wear performance of the PEO coated Mg coupons decreased with the 
environment temperature, resulting from the softening of the substrate or the 
vaporized loss of the lubricant oil. 
2) The effect of the substrate softening became more significant as the contact load 
increased. 
3) The effect of the substrate softening was suppressed with the increasing coating 
thickness. 
4) At low contact load, the increase in COF was almost independent of the coating 
thickness (load bearing capability), indicating that the effect of the lubricant loss 
was more dominated. 
5) At high contact load, the increase in COF was greatly affected by the coating 
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thickness (load bearing capability), implying that besides the effect of the 
lubricant loss, the effect of the substrate softening was also involved. 
6) Under the normal load ION, the wear resistance of the PEO coatings was 
significantly affected by the load-bearing capability of the coatings. 
7) After polishing, the optimized coating had coating thickness (~13 um), small 
surface roughness (Ra~0.25 um) with COF and wear rates lower than those of the 
reference materials ALUSIL and cast iron under the normal loads 5N and ION. 
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CHAPTER 6 PREPARATION AND 
TRIBOLOGICAL PROPERTIES OF THIN OXIDE 
COATINGS ON AN A1383/Si02 METALLIC 
MATRIX COMPOSITE 
A new A1383/Si02 metal matrix composites (MMC) were designed to improve the 
wear properties of aluminium (Al) alloys with manufacturing costs much lower than 
the for hypereutectic Al-Si alloys. However, like the hypereutectic Al alloys, the 
MMC was also subject to large plastic deformation of the soft Al matrix under high 
contact stress during lubricated sliding wear tests. As a result, the reinforced Si02 
particles detach from the matrix and promot the third-body wear. In this chapter, to 
improve the wear performance of the MMC under high contact stress but also to avoid 
the honing process, a new proprietary approach based on a modified Plasma 
Electrolytic Oxidation (PEO) process was used to produce oxide coatings on the 
MMC. The effect of both oxide coating thickness and the volume content of Si02 
particles on the wear behaviour of the MMC was investigated. 
6.1 Surface morphologies of uncoated and coated MMC samples 
Fig. 6.1 is the SEM micrographs of the two uncoated MMC coupons Kl and K4 with 
the volume contents of Si02 5% and 10%, respectively. The Si02 particles, most of 
152 
which were in the size range of 30 to 40 Lim, were relatively evenly spread in the 
A1383 matrix (Fig. 6.1(a) and (b)). The Si02 particles in both samples protruded from 
the matrix after mechanical polishing (inserts in Fig. 6.1(a) and (b)). Also, the Si02 
particles were seamlessly surrounded by the A1383 matrix. No void or porosity could 
be found around the Si02 particles, 
(a) 
(b) 
Fig. 6.1 SEM micrographs showing the surface morphologies of the uncoated 
A1383/Si02 MMC: (a) Kl (5% Si02) and (b) K4 (10% Si02) with the magnified insert 
showing Si02 particles 
Fig. 6.2 shows the SEM micrographs of the coated MMC coupons K2, K3, K5 and 
K6. The surface of the coupons consisted of smooth areas and relatively rough regions, 
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corresponding to Si02 particles and the oxidized matrix respectively, shown in Fig. 
6.2(a-h). For coatings K2 and K5 coated for the shorter time, small pores, considered 
as the footprints of the plasma discharge, were found on the A1383 matrix rather than 
the Si02 particles, as shown in Fig. 6.2(b) and (f). Since the plasma discharges 
facilitated the coating growth, the concentration of the plasma discharge channels on 
the matrix region indicated that the coatings more easily formed on the matrix than on 
the Si02 particles, as Fig. 3.10(b) shows. Due to the coating growth on the Al matrix, 
the matrix region of coatings K2 and K5 almost levelled with the Si02 particles (Fig. 
6.2(b) and (f)). Also, the boundaries of the Si02 particles did not mix with the 
oxidized matrix. For coatings K3 and K6 coated for the longer time, pores were still 
concentrated on the matrix regions, Fig. 6.2(d) and (h). Compared with the thinner 
coatings, the thicker coatings had larger and more abundant pores. Also, the edges of 
the Si02 particles were melted and mixed with the oxidized matrix due to the high 
temperature (up to 6000K) generated by the plasma discharges [78-79] around the 
boundaries of the S1O2 particles. However, the Si02 particles were not completely 
covered by the Al-Si-O compounds. From the data in Table 6.1, it could be found that 
the coating roughness increased with the treatment time, and also for the same 
treatment time, the coatings on the two different MMC substrates had similar surface 
roughness. The observation of the surface morphologies of the coatings was 
consistent with the measured results. 
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Table 6.1 Sample indexes 
Kl 
K2 
K3 
K4 
K5 
K6 
Volume content 
ofSi02 
5% 
5% 
5% 
10% 
10% 
10% 
Treatment time 
(min) 
0 
3 
6 
0 
3 
6 
Coating thickness 
(um) 
N/A 
~2 
~4 
N/A 
~2 
~4 
Surface 
roughness Ra 
(um) 
0.08 
0.14 
0.22 
0.09 
0.15 
0.21 
Fig. 6.3 is the cross-sectional SEM micrographs of coatings K5 and K6. For coating 
K5, an oxide coating with a thickness of 2 Lim formed on the Al matrix (Fig. 6.3 (a)). 
For coating K6, a relatively thicker coating (about 4 um in thickness) was produced 
on the Al matrix, as Fig. 6.3 (b) shows. Due to the growth of the coatings, the 
oxidized Al matrix almost levelled with the Si02 particles, consistent with the 
observation of Fig. 6.2 (b) and (f). The thicknesses of coatings K2 and K3 were also 
measured from their cross-sectional SEM micrographs (not shown here) and listed 
with those of coatings K5 and K6 in Table 6.1. 
155 
Fig. 6.2 SEM micrographs showing the surface morphologies of the coated 
A1383/Si02 MMC: (a, b) K2 (5% Si02), (c, d) K3 (5% Si02), (e, f) K5 (10% Si02) 
and (g, h) K6 (10% Si02) in low and high magnifications, respectively 
156 
v. 
/ 
s 
Fig. 6.3 Cross-sectional SEM micrographs of coatings (a) K5 and (b) K6 
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6.2 Tribo-tests on the coatings 
The SEM micrographs of the wear tracks on the coatings after sliding against chrome 
steel balls under a normal load 5N for 250m are shown in Fig. 6.4. Chippings inside 
the wear track of the thin coating K2 were observed as Fig. 6.4 (a) and (b). For the 
thin coating K5, compared with coating K2, fewer chippings were found inside the 
wear track. But slight abrasive grooving was detected (Fig. 6.4 (e) and (f)). No 
obvious abrasive grooving or chipping could be found inside the wear tracks of the 
relatively thick coatings K3 and K6 (Fig. 6.4 (c), (d), (g) and (h)). 
The wear tracks of the coatings tested against chrome steel balls under a normal load 
ION for 250m are illustrated by the SEM micrographs in Fig. 6.5. As the normal load 
increasing, more chippings were observed on coating K2 (Fig. 6.5 (a) and (b)). 
Furthermore, localized peeling off of the oxide coating was detected (Fig. 6.5 (b)). 
The insert of Fig. 6.5 (b) also presented that some Si02 particles were pressed down 
by the high normal load. Coating K5 was slightly worn off after the wear test (Fig. 6.5 
(e) and (f)). Localized chipping of the coating and sunken S1O2 particles were also 
observed inside the wear track (Fig. 6.5 (f)). For coating K3, flakes of iron oxide 
transferred from the steel ball were detected, shown in Fig. 6.5 (c) and (d), which 
resulted from the adhesive wear due to the lack of the lubrication. No obvious 
material removal was found on coatings K3 and K6. 
Under both testing conditions, due to the higher load-bearing ability, thicker coatings 
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K3 and K6 had the lower wear rates (calculated by equation (4.5) and listed in Table 
6.2) than the thinner coatings K2 and K5, consistent with the SEM observation on the 
morphologies of their wear tracks, shown in Fig. 6.4 and Fig. 6.5. The volume loss of 
the counter steel ball sliding against each coating is also listed in Table 6.2. The 
smaller surface roughness of the thinner coatings was beneficial to the protection of 
the counterface material. Therefore, the thinner coatings had better compatibility for 
the chrome steel ball than the thicker ones. The coefficient of friction (COF) is also 
summarized in Table 6.2. The thinner coatings K2 and K5 exhibited a lower COF than 
the thicker coatings K3 and K6. 
Table 6.21 
Uncoated 
Thinner 
coatings 
Thicker 
coatings 
K4 
K2 
K5 
K3 
K6 
Si02 
volume content 
10% 
5% 
10% 
5% 
10% 
fribo-test results of the MMC 
Wear rate 
(10"6mm3/Nm) 
5N 
1.63 
0.62 
0.29 
0.25 
0.19 
ION 
34.84 
2.43 
1.21 
0.45 
0.38 
Volume loss of 
counterface 
(10"6mm3) 
5N 
1 
12 
7 
58 
48 
ION 
5 
21 
16 
131 
98 
COF 
5N 
0.19 
0.15 
0.13 
0.16 
0.16 
ION 
0.26 
0.16 
0.14 
0.17 
0.17 
For the thin coatings K2 and K5, due to the relatively short treatment time, the Si02 
particles protruding from the uncoated matrix were not covered by the oxide coatings. 
Thus, the involvement of the softer and smoother Si02 particles, compared with the 
oxidized matrix, in the wear test was beneficial to reduce the hard worn debris, the 
friction and counterface volume loss. Therefore, the counterface compatibility of the 
thin coatings between K2 and K5 would increase with the volume content of Si02 
particles. This was demonstrated by a smaller volume loss of the counterface ball 
tested against the coated sample K5 which had a higher content of Si02 particles than 
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the sample K2 (Table 6.2). Also, the increase in the Si02 content resulted in the 
decrease of the wear rate of the coating and the friction. The increased Si02 volume 
content also contributed to the improved counterface compatibility and wear 
resistance of the thicker coatings K3 and K6. However, due to the mixture of Si02 
with aluminium oxide and the rougher coating surface, the effect of the Si02 particles 
on the tribological properties of the thicker coatings was weakened. It is worth 
mentioning that besides the involvement of Si02 particles described above, the large 
Si02 particles would also provide a better load-bearing capability to the substrate and 
coatings. 
6.3 Tribo-tests on the uncoated coupon 
Tribo-tests were also conducted on sample K4, the uncoated MMC containing 10% 
Si02, for comparison purpose. Fig. 6.6 shows the SEM micrographs of the wear 
tracks of the uncoated K4. Under a 5N testing load, the abrasive grooving caused by 
abrasive wear was clearly observed on the matrix (Fig. 6.6(a) and (b)). A few Si02 
particles were even broken (Fig. 6.6(b)). Under a ION load, the high contact stress 
caused large plastic deformation on the soft uncoated Al matrix. Thus, Si02 particles 
were pressed down by the normal load and sank into the soft matrix. Thus, direct 
contact between the Al matrix and the counter steel ball formed. As a result, 
considerable material removal was clearly observed on the matrix (Fig. 6.6(c) and (d)). 
Small fragments of the Si02 particles were also found in the wear track (Fig. 6.6(c) 
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and (d)), indicating that the particles might fracture and detach from the matrix, and 
then be pressed back into the matrix. From Table 6.2, it could be seen that the 
uncoated coupon K4 exhibited a higher wear rate and COF but lower counterface 
volume loss than the coated MMC samples, especially under ION. Coatings K5 and 
K6 provided load bearing layers for the substrate and restrained the plastic 
deformation in the substrate. Therefore, although coupons K4, K5 and K6 had the 
same volume content of Si02 particles (10%), the coated coupons exhibited much 
better wear resistance than the uncoated coupons. Compared with the counterface 
wear loss caused by the coatings, the thin coatings K2 and K5 only resulted in slightly 
high wear concerns. To reduce the counterface wear loss for the coating K3 and K6, a 
harder counterfacial material (for instance, a CrN-coated piston ring for engine 
applications) would be recommended. 
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Fig. 6.4 SEM micrographs of the wear tracks on the coatings tested against steel balls 
under a 5N load at room temperature for 250m: (a, b) K2 (5% Si02), (c, d) K3 (5% 
Si02), (e, f) K5 (10% Si02) and (g, h) K6 (10% Si02) in low and high magnifications, 
respectively. The arrow indicated the sliding wear direction. 
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Fig. 6.5 SEM micrographs of the wear tracks on the coatings tested against steel balls 
under a ION load at room temperature for 250m: (a, b) K2 (5% Si02), (c, d) K3 (5% 
Si02), (e, f) K5 (10% Si02) and (g, h) K6 (10% Si02) in low and high magnifications, 
respectively. The arrow indicated the sliding wear direction. 
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Fig. 6.6 SEM micrographs of the wear tracks on the uncoated A1383/ Si02 MMC K4 
(10%o Si02) tested under (a, b) 5N and (c, d) ION at room temperature. The arrow 
indicated the sliding wear direction. 
6.4 Comparison between the wear properties of the candidate materials for the 
engine cylinder 
According to Table 6.2, sample K6 exhibited the lowest wear loss among the PEO 
coated MMC under the normal load ION. To evaluate the wear properties of sample 
K6 at the elevated temperature, wear test was also conducted to K6 at 150 °C under 
the normal load ION. Fig. 6.7 shows the SEM micrograph of the wear track on K6. 
The coated MMC was more likely to be slightly polished rather than considerably 
abraded. The wear loss was mainly caused by the removal of some loose projections 
on the coating surface. The COF is listed in Table 6.3. Comparing with the wear 
testing results of K6 tested under the ION load at room temperature, it was found that 
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the temperature did not have a noticeable effect on the wear properties of the MMC 
K6, possibly resulting from the high hardness of alumina and sufficient coating 
thickness. Table 6.3 lists the wear properties of sample K6, the optimized PEO coating 
on Mg AJ62 without polishing (T2) and with polishing (T2*), Alusil and cast iron 
tested under the normal load ION at the elevated temperature. It was found that under 
ION normal load, the coated MMC K6 showed much lower COF than the unpolished 
coating T2, Alusil and cast iron but slightly higher than polished coating T2*. The 
wear rate of the coated MMC K6 was higher than those of T2 and T2* but much less 
than those of Alusil and cast iron. Therefore, the optimized PEO coating T2* (with 
surface roughness of 0.25 Lim and thickness of 13 Lim) had a lower COF and a better 
anti-wear property than the coated MMC K6 (with surface roughness of 0.3 um and 
thickness of 5 Lim) possibly due to a smoother surface of T2*. The unpolished surface 
of K6 with some loose projections caused the higher COF and wear loss. However, 
the advantage of the coated MMC compared with the PEO coated Mg coupons lied in 
the elimination of the polishing post-treatment. 
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Fig. 6.7 SEM micrograph of the wear track on the coated MMC K6 (10% Si02) tested 
under the normal load ION at the elevated temperature. The arrow indicated the 
sliding wear direction 
Table 6.3 Comparison of the wear properties of sample K6, the optimal PEO coating 
on Mg AJ62 without polishing (T2) and with polishing (T2*), Alusil and cast iron 
tested under the normal load ION at t 
Thickness (um) 
Ra(um) 
COF 
Wear rate (10"6mm3/Nm) 
K6 
5 
0.3 
0.17 
0.51 
le elevat 
T2 
17 
1.19 
0.27 
0 
id tempe 
T2* 
13 
0.27 
0.16 
0 
rature (-150 °C) 
Alusil 
n/a 
0.25 
0.37 
51 
Cast iron 
n/a 
0.1 
0.32 
8 
6.5 Summary 
1) For the coated MMC coupons, the thicker coatings (~ 4pm thick) had a better 
anti-wear resistance but higher COF and volume loss of the counterface than the 
thinner coatings (~ 2p.m thick). 
2) For the thinner coatings, the wear rate, COF and the counterface volume loss 
decreased with the increase in Si02 content of MMC substrates. For the thicker 
coatings, the increasing Si02 content was also beneficial to the tribological properties. 
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However, the rougher coating surface and mixture of Si02 with the aluminium oxide 
made the effect of the Si02 content less considerably, especially for COF. 
3) The uncoated MMC sample exhibited a better compatibility for the chrome steel 
counterface ball but it had a much higher COF and wear rate than the coated MMC 
samples. The coatings with an appropriate coating thickness (~ 2pm thick) would not 
cause a significantly high wear to the counterface balls, compared to the uncoated 
MMC. Therefore, the as-prepared PEO coatings without honing/polishing can be used 
to effectively increase the wear resistance of the MMC, especially under a high 
contact load. 
4) The coated MMC K6 (surface roughness of 0.3 urn and thickness of 4 urn) 
showed better wear properties than the Alusil and cast iron under the normal load ION 
at the elevated temperature. The polished optimized PEO coating T2* (surface 
roughness of 0.25 pm and thickness of 13 um) had a better tribological properties 
than the coated MMC K6, but the advantage of the coated MMC was that it 
eliminated the need for a polishing post-treatment. 
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CHAPTER 7 CONCLUSIONS AND FUTURE 
WORK 
7.1 Conclusions 
This dissertation studied the application of the PEO process on the wear protection of 
the cylinder bores for the Mg engine block. Mg AJ62 alloy is a new Mg engine alloy, 
currently used by BMW on the Al/Mg composite engine block. The PEO process was 
applied on the AJ62 alloy to overcome the wear problem. Wear tests were conducted 
on the PEO coated Mg AJ62 alloy at the room and 150 °C in Chapters 4 and 5, 
respectively. Design-expert software was used to optimize the wear properties of the 
PEO coatings at room and elevated temperatures, individually. MMC cylinder liner 
was also an option for the wear protection of the cylinder bores. A low cost 
A1383/Si02 MMC was designed and manufactured with PEO coating for further 
protection in Chapter 6. Finally, the wear properties of the PEO coated Mg alloy and 
MMC with coating were compared with Alusil and cast iron (reference materials), 
currently used to build the cylinder bores or liners of the aluminum engine blocks. 
The following main conclusions were summarized from the research results: 
1) The tribological properties of the PEO coatings on the Mg AJ62 alloy were 
evaluated by the reciprocatingly sliding wear tests under the boundary lubrication 
condition at room temperature, which was reported in chapter 4. The coatings 
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were composed of MgAl204 and MgO phases. The thick coatings had a 
nano-structured interlayer next to the substrate, which was about 400 nm thick and 
composed of nano-grains with the grain size of 10-20 nm in size. The interlayer 
was beneficial to the load-bearing capability of the thick coatings. The effects of 
the four key parameters and their interactions on the surface roughness, coating 
thickness and the tribological properties at room temperature were analyzed using 
the response surface method so as to optimize the PEO process. Under the normal 
load 2N, the optimal PEO coating Pl (~5 um thick with roughness of 0.3 um) 
exhibited higher COF than the reference materials Alusil and cast iron. However, 
as the normal load increased to 5N, the optimal coating showed lower COF than 
Alusil but still higher COF than cast iron. 
2) The tribological properties of the PEO coatings at 150 °C, which is the operating 
temperature of the engine block, were also studied under the boundary lubrication, 
as described in Chapter 5. Due to the softening of the substrate and the vaporized 
loss of the lubricant oil, the anti-wear performance of the PEO coated Mg coupons 
at 150 °C was worse than that at room temperature. The effect of the substrate 
softening became more significant as the contact load increased, but was 
suppressed with the increasing coating thickness. The effect of the lubricant loss 
was more dominated at low contact load, but became less significant at the high 
contact load. With polishing post-treatment, the optimal PEO coating T2* (-13 
urn thick with surface roughness about 0.25 um) showed slightly higher COF 
under the normal load 2N, but lower COF under the normal loads 5N and ION 
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than the two reference materials, Alusil and cast iron. Although the wear tests at 
room temperature were not conducted to coating T2*, it was reasonable to expect 
that T2* would also exhibit the excellent tribological properties due to its high 
coating thickness and low surface roughness. 
3) The economic A1383/Si02 MMC was designed to build the cylinder liners of the 
Al/Mg composite engine blocks to protect the Mg alloy from the wear attack, 
which was reported in Chapter 6. The PEO process was also utilized to form oxide 
coatings on the MMC to further improve the anti-wear resistance of the MMC. 
The oxide coating decreased the COF and wear rate of the MMC but increased the 
volume loss of the steel counterface. The MMC coupons with the thicker coatings 
(~ 4 urn thick) had a better anti-wear resistance but higher COF and volume loss 
of the counterface than the MMC with the thinner coatings (~ 2 um thick). The 
increasing Si02 content was beneficial to reducing the COF and volume loss of 
the counterface. However, the effect became less noticeable when the thickness of 
the oxide coatings increased. The coated MMC K6 showed better tribological 
properties (lower COF and wear rate) than the Alusil and cast iron under the 
normal load ION at the elevated temperature. However, compared with the 
polished optimized PEO coating T2* (surface roughness of 0.25 um and thickness 
of 13 urn), the coated MMC K6 (surface roughness of 0.3 um and thickness of 4 
pm) showed higher COF and wear rate. Nevertheless, the advantage of the coated 
MMC was that it eliminated the need for a polishing post-treatment. 
Thus, the PEO coatings, composed of MgAl204 and MgO phases, were expected to be 
able to effectively protect the cylinder bores of the all-Mg engine blocks from the 
wear attack. The A1383/Si02 MMC with PEO coatings (alumina) was also considered 
as a promising candidate for the liners of the Al/Mg composite engine blocks. Also, 
the tribological properties of the PEO coated Mg alloy and MMC were close to or 
even better than the reference materials, Alusil and cast iron, especially under the high 
contact load. 
7.2 Future work 
1) Since the nano-structured interlayer is crucial to the load-bearing capability of the 
PEO coatings, the effects of the PEO process parameters on the thickness and 
nano-grain size of the nano-structured interlayer at the coating/substrate interface 
should be investigated. 
2) The influence of the Si02 size on the tribological properties of the A1383/Si02 
MMC with or without PEO coating needs to be studied. 
3) The wear tests of the testing samples (PEO coated Mg and MMC samples) sliding 
against hard PVD coatings, CrN and TiN, currently used on the piston rings, 
should be conducted to evaluate the counterface compatibility. 
4) The PEO process needs to be applied to a real Mg engine. The engine should be 
tested by the dyno-test to evaluate the durability of the PEO coating in the field 
condition. 
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